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THE  INITIATION  OF  FAST  DECOMPOSITION  IN  SOLID 
EXPLOSIVES  BY  FRACTURE,  PLASTIC  FLOW,  FRICTION, 
AND  COLLAPSING  VOIDS 

M.  Munawar  Chaudhri 
Cavendish  Laboratory 
University  of  Cambridge 
Madingley  Road, 

Cambridge  CBS  OHE 
UNITED  KINGDOM 


Several  aeries  of  high  speed  photography  experiments  have  been  carried 
out  in  order  to  examine  the  relative  importance  of  the  various 
mechanisms  thought  to  be  responsible  for  producing  hot  spots  and 
causing  initiation  of  fast  decomposition  in  explosives.  Framing  rates  of 
up  to  2x10^  s'^  were  used  and  photographic  sequences  show  that  (i)  fast 
fractures  in  an  explosive  single  crystal  do  not  cause  its  ignition, 
(ii)  intercrystalline  friction  is  an  important  mechanism,  (Hi)  rapid 
compression  of  gas  bubbles  down  to  50  pm  or  less  in  diameter  does  give 
rise  to  initiation,  and  (iv)  the  interaction  of  strong  shocks  with 
spherical  voids  produces  fast  jets,  which  can  also  play  a  dominant  role, 
We  have  also  discussed  rapid  plastic  flow  in  an  explosive  crystal  as  an 
effective  mechanism  when  the  plastic  strains  are  very  high. 


INTRODUCTION 

There  are  now  many  high-speed  photo¬ 
graphic  observations  which  show  that  in  most, 
if  not  in  all  cases,  the  initiation  of  a  fast 
reaction  or  a  detonation  in  an  explosive  occurs 
at  microscopic  regions.  Representative  exam¬ 
ples  from  experiments  employing  stimuli,  such 
as  low  velocity  impact,  high  strength  shock 
waves,  unfocused  light,  and  electric  held  will 
be  found  in  published  reports.*'^  In  the  litera¬ 
ture,  several  mechanisms  have  been  proposed 
for  the  concentrated  dissipation  of  energy  of 
the  stimulus  at  localized  regions  resulting  in 
their  becoming  'hot  spots.'  At  these  regions, 
the  temperature  is  considerably  higher  than 
that  of  the  surrounding  explosive  material; 
consequently,  the  rate  of  chemical  reaction  is 
much  higher  there.  If  the  conditions  for  self 
heating  exist,  the  instability  (i.e.,  initiation  of 
fast  reaction)  occurs  at  these  regions. 

Of  the  many  mechanisms  proposed  so 
far,  the  ones  generally  considered  seriously  by 
investigators  are:  (i)  fracture  of  explosive 


crystais,*^’^  (ii)  plastic  flow,  including  disloca¬ 
tion  pileups'^  and  adiabatic  shear  flow,^'** 
(ili)friction,*^**^  (iv)  adiabatic  compression  of 
gas  pockets,*^  and  (v)  shock-void  interactions.^ 

It  may  be  said  here  that,  despite  a  vast 
amount  of  research  effort,  our  lack  of  under¬ 
standing  of  the  mechanisms  of  initiation  is 
quite  apparent  from  the  fact  that  we  would  not 
be  able  to  predict  accurately  the  initiation 
behavior  of  an  explosive  in  an  Impact  or  shock 
experiment  even  if  we  were  given  all  its 
physical  and  chemical  properties.  The  pur¬ 
pose  of  this  paper  is  to  examine  in  some  depth 
the  various  mechanisms  in  the  light  of 
experimr'ntal  observations. 

INITIATION  BY  FRACTURE 

Fracture  studies  wore  made  on  single 
crystals  of  silver  azide,  lead  azide,  and  PETN. 
The  test  crystal  was  supported  on  a  hard  anvil, 
and  the  fracture  was  caused  by  driving  into  the 
crystal  a  sharp  hardened  steel  chisel  at  a  speed 
of  10-16  ms  *.  The  entire  fracture  process  was 


Figure  I ,  Fast  Fractures  of  Velocity  up  to  1 70  ma'^  in  a  Single  Crystal  of  Silver  Azide  are  Unable  to 
Cause  an  Initiation  of  Explosion.  Inter  frame  time:  2.0  pa;  crystal  height:  2.0  mm. 


photographed  with  a  Bockman  and  Whitley 
model  189  rotating  mirror  framing  camera 
using  back  lighting. 

A  sequence  of  photographs  showing  the 
formation  and  growth  of  fast  fractures  in  a 
silver  azide  crystal  is  given  in  Figure  1. 
Frame  1  shows  the  crystal  of  size  2.6  x  2.0  x 
0.6  mm^,  2-3  ps  before  it  was  impacted  with 
the  chisel;  the  larger  faces  of  the  crystal  are 
{010}.  Note  that  as  yet  no  cracking  has 
started.  In  frame  2,  a  single  crack  is  initiated 
immediately  below  the  chisel  tip  and  propa¬ 
gates  along  cleavage  planes,  changing  its 
direction  of  propagation  twice.  The  crack 


speed  is  variable  between  frames,  reaching  a 
maximum  value  of  170  ms’^  between  frames  1 1 
and  12.  An  explosion  did  not  take  place  and 
the  fragments  of  this  crystal  were  recovered 
after  the  experiment.  Wo  have  shown  before 
that  fast  fractures  (800  ms'M  in  (3-lead  azide 
crystals  wore  also  unable  to  cause  the  initia¬ 
tion  of  an  explosion .  ^  ^ 

Figure  2  shows  a  sequence  of  photo¬ 
graphs  of  the  fracture  behavior  of  a  single 
crystal  of  PETN  of  height  6.9  mm,  width 
3.6  mm,  and  thickness  2  mm,  About  8  ps 
before  frame  4,  the  chisel  hits  the  crystal 
resulting  in  the  initiation  of  fracture  in  frame 
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Figure  2.  Fast  Fractures  (700  ms'h  in  a  Single  Crystal  ofPETN,  Interframe  time:  t.O  na;  crystal 
height:  6.9  mm. 


4  at  the  point  of  impact.  The  crack,  which 
appears  as  a  dark  line,  moves  with  a  velocity  of 
~3S0  ms'^  between  frames  4  and  5,  and  it  then 
accelerates  to  a  velocity  of  600-700  ms'* 
between  frames  S  and  6.  In  frame  6,  a  second 
crack  appears  at  the  impact  site  (see  A, 
frame  6),  and  both  reach  a  maximum  velocity 
of  *^700  ms'^  between  frames  6  and  8.  In  this 
crystal  as  well,  the  cracks  appear  to  change 
their  direction  during  propagation.  The  two 
cracks  merge  in  frame  1 1 .  The  crystal  did  not 
explode  and  the  undecomposed  fragments  of 
the  crystal  were  later  recovered. 

A  few  experiments  were  also  conducted  in 
which  PHTN  crystals  were  fractured  by  the 
impact  of  0.4  mm  diameter  soda-lime  glass 
spheres  at  a  velocity  of  ~  200  ms'  ‘ .  The  spheres 
were  accelerated  individually  using  an  explo¬ 
sive  gun  described  elsewhere.*^ 

A  typical  sequence  of  the  impact  of  a  glass 
sphere  on  a  (110)  plane  of  a  PETN  crystal 
(size;  6  mm  x  4  mm  x  2  mm)  is  shown  in  Fig¬ 
ure  3.  The  contact  occurs  in  frame  2,  and 
within  1  ps  (i.c.,  frame  3)  a  fast  moving  median 
crack  (see  Reference  15  for  the  various  crack 
systems)  forms,  the  leading  edge  of  which  is 
shown  with  an  arrow.  This  median  crack  is  of 
a  semicircular  shape  and  it  probably  lies  on  a 
cleavage  plane  containing  the  load  axis. 
Between  frames  2  and  3,  the  crack  velocity  is 


at  least  1380  ms'^  In  frame  3,  the  debris  (see 
at  d)  of  the  crystal  is  also  ejected  at  a  high 
speed  (~300  ms'h.  Note  that  initially  the 
debris  is  ejected  at  an  angle  of  ~45^,  but  when 
the  impacting  projectile  has  gone  deeper  into 
the  crystal,  the  debris  comes  out  normal  to  the 
crystal  surface  (see  frame  19).  There  was  no 
initiation  and  fragments  of  the  crystal  were 
recovered  afterwards. 

The  high-speed  photographic  sequences 
presented  above  clearly  show  that  fracture  of 
even  a  sensitive  explosive  crystal  cannot  cause 
the  initiation  of  a  fast  reaction.  One  particu¬ 
lar  advantage  of  using  silver  and  lead  azides 
for  these  experiments  is  that,  if  high  enough 
temperatures  had  been  generated  at  even  a 
microscopic  volume  at  the  crack  tip,  the  fast 
reaction  would  have  been  initiated  and  propa¬ 
gated  throughout  the  rest  of  the  crystal. 

It  may  be  emphasized  that  here  we  have 
not  dealt  with  such  solids  which  may  produce 
very  reactive  free  radicals  on  fracture.  How¬ 
ever,  such  solids  deserve  further  investigation 
regarding  their  influence  on  the  initiation 
behavior  of  explosives. 

INITIATION  BY  PLASTIC  FLOW 

The  process  of  plastic  flow  in  a  solid  is  a 
very  efricient  (96  percent  efficiency)  way  of 
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Figure  3.  Impact  of  a  0.4  mm  Diameter  Glass 
Sphere  on  a  (1 10)  Surface  of  a  PETN  Single 
Crystal  at  a  Velocity  of  200  ms'^;  Interframe 
time:  I. Ops. 

converting  the  mechanical  energy  of  a  stimu¬ 
lus  into  heat.  However,  in  most  crystalline 
solids,  plastic  flow  occurs  inhomogenoously, 
which  means  that  under  transient  conditions 
the  temperature  rise  in  a  plastically  deformed 
solid  is  likely  to  be  nonuniformly  distributed. 

In  crystals,  the  plastic  flow  occurs  along 
crystallographic  slip  planes,  which  give  rise  to 
slip  bands  (these  bands  are  also  called  shear 
bands).  Such  bands  can  form  under  both  quasi¬ 
static  and  dynamic  conditions.  In  the  former, 
the  temperature  of  the  bands  may  not  bo  very 
different  from  that  of  the  regions  lying  in 


between  the  bands  as  most  of  the  heat 
generated  in  the  bands  will  be  conducted  away. 

Using  a  simple  approach,  one  can 
estimate  the  maximum  possible  value  of  the 
temperature  rise  in  a  solid  which  has  been 
deformed  dynamically.  We  shall  assume  that 
the  heat  generated  at  a  region  does  not  conduct 
away  from  it.  This  type  of  situation  can  arise 
when  the  deformation  is  produced  in  a  very 
short  time  and  when  the  thermal  conductivity 
of  the  solid  is  negligibly  small.  We  shall  also 
assume  that  the  total  work  of  deformation  is 
liberated  as  heat. 

Now,  for  a  solid  of  uniaxial  flow  stress 
Y(e),  the  amount  of  work,  W,  performed  per 
unit  volume  in  producing  a  true  uniaxial 
plastic  strain  of  c  is  given  by 

W=(“Y(e)de.  (1) 

JO 

In  Equation  (1),  if  we  assume,  as  an 
approximation,  YIc)  as  being  independent  of  c, 
we  get 

W  =  Yc  .  (2) 

Accordingly,  the  temperature  rise  AT  in  the 
volume  will  be  given  by 


where  p  is  the  density  and  C  is  the  specific  heat 
of  the  solid. 

As  said  above,  in  a  solid  the  deformation 
is  not  likely  to  bo  homogeneous.  Therefore,  to 
predict  the  temperature  distribution,  we  need 
to  know  the  magnitude  of  the  plastic  strain  at 
different  points  in  the  deformed  zone.  In 
metals,  the  strain  distribution  within  locally 
deformed  regions  has  been  estimated  by 
examining  the  hardness  contours  of  sectioned 
specimens.*^'***  It  is  interesting  that  in  metals 
such  as  steels,  strains  of  greater  than  1  a.'o 
found  only  under  severe  deformation  condi¬ 
tions.  Whether  strains  of  this  magnitude  or 
higher  nan  be  produced  in  explosive  crystals, 
which  arc  very  brittle,  is  not  known  yet. 
Nevertheless,  in  Table  1,  we  give  the  predicted 
values  of  the  maximum  temperature  rises 
generated  in  three  explosives,  the  mechanical 
and  thermal  properties  of  which  are  available 
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Table  1.  Calculated  Temperature  Rise  in 
Various  Explosive  Crystals  Due  to  Adiabatic 
Plastic  Flow  at  Different  Strains,  e 


Explosive 

Temperature  Rise 
(K) 

e=:l  e  =  2.4  e=5 

RDX 

20 

47 

98 

P-HMX 

31 

76 

156 

o-PbNe 

27 

66 

137 

Table  2.  Uniaxial  Yield  Stress  Values  and 
Thermal  Properties  of  Various  Explosives 


Explosive 

Y*/MPa 

p/Mgm‘® 

C/kJ  kg-‘ 
K‘ 

RDX 

40 

1.81 

1.13 

P-HMX 

76 

1.91 

1.26 

o-PbNe 

60 

4.8 

0.38 

*  Single  crystal  data  tal 

ten  from  Reference  19. 

(seo  Tablo  2).  Note  that  in  these  estimated 
temperature  rises  we  have  taken  a  constant 
vaiue  of  the  yield  stress  independent  of  the 
temperature  and  strain  rate.  It  is  only  an 
approximation,  but  in  reality  the  yield  stress 
will  drop  with  increasing  temperature.  It 
appears,  however,  that  very  little  work  has 
been  carried  out  on  the  variation  of  the  yield 
stress  of  various  explosive  single  crystals  with 
varying  temperature  and  strain  rate. 

It  will  be  seen  from  Tablo  1  that  even  for 
high  plastic  strains,  the  adiabatic  temperature 
rises  are  not  high  enough  to  take  any  of  the 
three  explosives  to  their  ignition  points.  In 
order  to  check  our  method  of  estimating  the 
temperature  rise,  we  can  compare  the 
theoretical  and  experimental  results  in  the 
case  of  a  steel  suffering  localized  deformation. 
Marchand  and  Duffy^”  carried  out  dynamic 
torsion  experiments  on  a  steel  (HY-100) 
having  a  shear  yield  stress  of  ~600  MPa.  They 
found  that  the  steel  showed  20  pm  shear  bands 
in  which  shear  strains  of  the  order  of  ~10  were 
produced.  These  investigators  also  measured 


the  temperature  of  the  sheared  bands  by  using 
calibrated  infrared  detectors,  and  estimated 
a  value  of  ~600”C.  Taking  the  density  and  the 
specLflc  heat  of  the  steei  as  7.86  x  10^  kg  m'^ 
and  4.92  x  10^  J  kg*‘  K'^  we  estimate  a  maxi- 
muiki  possible  temperature  rise  of  ~1300'’C. 
This  is  an  overestimate,  as  we  have  taken  a 
constant  value  of  the  shear  stress.  In  fact, 
their  measurements  show  that  the  shear  stress 
drops  dramatically  to  ~0  during  the  rapid  shear 
process.  Thus,  taking  an  average  shear  stress 
of  ~250  MPa,  our  estimated  temperature  rise 
will  be  ~660°C,  which  is  much  closer  to  the 
measured  value. 

An  important  factor  to  consider  here  is 
the  melting  point  of  the  solid.  It  is  unlikely 
that  the  temperature  rise  caused  by  plastic 
flow  or  by  friction  will  exceed  the  melting  point 
of  the  solid.  If  the  ignition  temperature  is 
significantly  higher  than  the  melting  point, 
ignition  by  these  processes  cannot  occur.  Of 
course,  under  impact  or  shock  loading  condi¬ 
tions,  high  pressures  exist  and  the  plastic  flow 
occurs  in  the  presence  of  these  pressures.  One 
is  tempted  to  think  that  these  high  pressures 
will  raise  the  melting  point  of  the  solid.  If  the 
pressures  are  purely  hydrostatic,  then  the 
melting  point  is  most  likely  to  increase. 
However,  under  the  impact  or  shock  loading 
conditions,  high  shear  stresses  also  prevail  and 
these  may  inhibit  any  rise  of  the  melting  point. 
It  is  interesting  to  note  that  Mishina  et  al.^‘ 
report  a  lowering  of  the  melting  point  of 
Wood's  metal  when  it  is  subjected  to  shear 
stresses. 

INITIATION  BY  FRICTION 

Friction  between  grains  of  a  solid 
explosive,  or  between  grains  and  their 
confining  walls  is  also  a  very  efficient  way  of 
converting  mechanical  energy  into  heat.  As  in 
the  case  of  plastic  flow,  most  of  the  work  of 
friction  is  liberated  as  heat  at  the  friction 
surfaces.  If  the  coefficient  of  friction  of  the 
rubbing  surfaces  is  known,  along  with  their 
relevant  mechanical  properties,  one  can  make 
a  fairly  good  estimate  of  the  temperature  rise 
due  to  friction.  It  is  interesting  that  if  one 
makes  an  experiment  in  which  the  dominant 
mechanism  by  which  heat  can  be  generated  is 
friction,  one  can  bo  in  a  position  to  predict 
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whether  ignition  will  occur.  Such  a  situation 
exists  when  a  column  of  a  solid  explosive  is 
impacted  with  a  truncated  conical  striker.  The 
conical  striker  is  dropped  into  the  explosive 
vertically  and  during  its  penetration  the 
truncated  end  of  the  striker  picks  up  explosive 
particles  from  the  surface  and  then  drags  them 
along  into  the  compact.  During  this  process, 
the  adhered  particles  rub  against  the  sur¬ 
rounding  explosive  particles.  The  temperature 
rise  of  these  particles  due  to  the  friction  during 
the  penetration  may  be  calculated  using  the 
expression  given  by  Chaudhrl.®^ 

As  an  example,  the  temperature  rise  is 
calculated  when  a  conical  striker  of  semi 
included  angle  of  16°,  mass  0,145  kg,  strikes  a 
compact  of  lead  axotetrazole  (ignition 
temperature  493K)  with  an  initial  velocity  of 
0.6  ms‘V  The  average  particle  size  of  the 
compact  is  ~25  pm  and  the  inter-particle 
coefficient  of  friction,  measured  using  the 
technique  of  Amuzu  et  al,,^^  is  -0,66.  The 
predicted  temperature  rise  is  shown  in  Fig¬ 
ure  4,  Note  that  initially  the  temperature  rises 
quite  rapidly,  and  then  slows  down  us  the 
striker  penetration  increases,  reaching  a 
steady  state  temperature  rise  of  ~240°K  when 
the  penetration  is  -0.4  mm.  This  corresponds 
to  an  interfacial  temperature  of  293  -f  240  = 
633  K,  which,  being  higher  than  the  ignition 
point  of  lead  azotetrazole,  should  give  rise  to 
the  ignition  of  the  compact.  Similar  conclu¬ 
sions  have  also  been  drawn  by  Haskins. 
Llxperiments  showed  that  under  those 


Figure  4.  Calculated  Temperature  Rise  Vs, 
Striker  Penetration 


conditions  initiation  of  explosion  of  the  lead 
azotetrazole  did  occur.  Our  friction  model 
predicts  that  the  ignition  will  occur  at  the  tip  of 
the  striker  when  it  has  penetrated  the  compact 
sufficiently.  Those  predictions  have  boon 
supported  by  our  high-speed  photographic 
experiments.  In  those,  a  column  of  compacted 
lead  azotctra/olc  was  confined  between  two 
flat  PMMA  plates;  a  needle-shaped  metallic 
striker  was  then  impacted  onto  the  explosive  at 
a  velocity  of  -30  ms'*  and  the  entire  event  was 
photographed  with  a  Beckman  and  Whitley 
model  189  rotating  mirror  framing  camera 
using  dark  field  illumination.  A  typical 
sequence  is  shown  in  Figure  5.  Note  that  the 
ignition  occurs  at  the  tip  of  the  striker  after  it 
has  penetrated  the  column  by  about  0.3  mm. 

Situations  similar  to  the  one  described 
above  may  also  occur  fur  high-molting  point 
secondary  explosives  when  they  are  impacted 
with  sharp  metal  fragments  and  projectiles. 
The  point  being  made  here  is  that  under 
suitable  conditions,  the  frictional  heating  may 
be  more  important  than  any  heating  due  to  the 
shock  generated  by  the  impact. 

INITIATION  BY  BUBBLES  ANI) 
VOIDS 

Gas-filled  bubbles  and  voids  play  a  very 
important  part  in  controlling  the  initiation  and 
propagation  behavior  of  all  explosives  con¬ 
taining  them.  This  fact  has  been  exploited  in 
commercial  explosives  by  adding  to  them 
hollow  glass  or  plastic  balloons  of  diameter  in 
the  range  10-200  pm.^*^  The  sensitization 
influence  of  the  balloons  (or  voids)  comes  from 
the  fact  that  under  a  suitable  mechanical 
stimulus  the  balloons  give  rise  to  'hot  spots.' 
Most  investigators  are  in  agreement  over  this. 
However,  there  are  major  differences  of 
opinion  regarding  the  mechanisms  by  which 
the  'hot  spots’  arc  formed.  Wo  can  divide  the 
mechanical  stimuli  into  two  types:  (i)  low 
strength  ones,  such  us  those  produced  during  a 
low  velocity  Impact  of  a  few  ms'*  or  shocks  of 
strength  of  up  to  -6-7  kbar;  and  (ii)  relatively 
high  strength  shucks  (pressures:  16-20  kbar 
and  greater),  such  as  those  produced  by  a 
blasting  cap  or  by  the  impact  of  a  high  velocity 
projectile.  The  interaction  of  low  strength 
shocks  with  gus-nilod  balloons  quite  clearly 
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Figure  5,  A  Sequence  Shoiuing  the  Location  of  Initiation  When  a  Conical  Striker  Penetrates  a 
Column  of  Compacted  Charge  of  Lead  Azotetrazole  at  a  Velocity  of  30  ms'^ .  The  penetration  begins 
in  frame  1  and  the  initiation  (dark  zone)  occurs  in  frame  5.  Interframe  time:  2.0  ps. 


reBuIlB  in  Ihc  rapid  (near  adiabalic)  collapae  of 
the  bubbloB,  thus  giving  riao  to  high 
temporaluros  within  tho  containod  gas.  From 
thoir  photographic  observations  of  the 
coiiapsing  bubbles,  Bowden  and  Chaudhri^*^ 
ostimato  tomporaturos  of  up  to  1500  K  when  a 
I  mm  diamoter  air  bubble  in  water  is  collapsed 
by  a  shock  of  only  1  kbar,  This  temperature 
rise  is  high  enough  to  induce  the  Initiation  of 
fust  reaction  of  an  AgNg  crystal  on  which  it 
collapses.  Much  smaller  size  bubbles  of 
diameter  50-70  pm  also  cause  the  initiation  of 
roaction^'^  us  can  be  socn  in  the  sequence 
shown  in  Figure  6(u).  Note  from  the  figure 
that  the  ignition  in  the  explosive  crystal  occurs 
exactly  at  tlio  point  of  contact  of  the  collapsed 
bubble  on  the  crystal  surface.  When  the 
collapse  of  the  bubble  occurred  only  a  few  pm 
away  from  the  crystal  surface,  no  initiation 
took  place.  When  the  gas  within  the  bubbles  is 
butane,  which  has  a  very  low  value  of  y,  the 
rutin  of  the  specinc  heats,  no  reuclion  takes 
place  due  to  the  collapso  process  Isoo  Figure 
6(b)  I.  It  may  be  noted  that  the  effect  of  the  y  of 
tho  gas  is  seen  only  for  small  (l.e.,  <300  pm 
diamoter)  bubbles.  Those  two  sequences  give 
very  strong  support  to  the  theory  of  the 
adiabatic  heating  of  tho  contained  gas,  Our 


Figure  6.  A  Sequence  Showing  the  Importance 
of  the  Y  of  the  Gas  Contained  within  Collapsing 
Bubbles,  (a)  Argon;  interframe  time:  0.6  ps. 
(b)  Butane;  interframe  time:  1.0  ps. 


calculations  have  also  shown  that  sufflcient 
heat  is  transferred  from  gas  to  the  crystal 
surface  within  a  microsecond. 

The  collapse  of  bubbles  by  relatively 
weak  shocks  also  produces  jets,  but  their 
velocities  are  not  high  enough  to  give  rise  to 
any  significant  heating  on  impact.  On  the 
other  hand,  when  the  collapse  of  a  void  is 
produced  by  strong  shocks,  very  fast  jets  are 
produced  which  cun  play  an  important  role  in 
the  Initiation  process.  We  have  examined  the 
collapse  process  in  water  of  a  9.5  mm  diameter, 
hollow  aluminum  sphere  having  a  wall  thick¬ 
ness  of  250  pm  and  by  using  the  experimental 
arrangement  which  has  been  described  else¬ 
where.^^  The  entire  event  was  photographed 
with  a  multiple  Kerr  Cell  camera.  A  typical 
sequence  is  shown  in  Figure  7.  In  frame  'O'  we 
can  see  the  PFTN  charge  placed  to  the  right  of 
the  aluminum  sphere.  In  frame  1,  the  water 
shock  (velocity  2900  ms'M  has  gone  over  the 
sphere  by  about  7  mm  and  we  can  see  the 
reflected  wave  moving  towards  the  expanding 
detonation  products.  In  the  next  frame,  the 
initial  shock  has  completely  gone  over  the 
sphere  and  another  shock.  Si,  appears  at  the 
back  of  the  sphere.  During  the  6  ps  after  the 
initial  shock  hit  the  buck  wall  of  the  sphere 
(l.e.,  the  wall  nearest  the  charge),  it  has  moved 
in  the  direction  of  the  shock  at  a  velocity  of 
1000 ms'*.  In  frame  3,  part  of  the  buck  wall 
has  hit  the  front  one  and  another  shock,  S2, 
appears  around  tho  collapsed  hollow  sphere, 
which  appears  to  be  generated  by  the  impact  of 
the  jet.  The  jet  penetrates  the  sphere  and  the 
latter  takes  the  shape  of  a  dumbbell.  The 
velocity  of  the  secondary  shock,  as  measured 
from  frames  3  and  4,  is  2.4  kms'*  (correspond¬ 
ing  to  a  pressure  of  10  kbar),  but  near  the 
point  of  tho  jot  impact  the  strength  of  the  shock 
may  be  much  higher.  A  rough  estimate  of  the 
jet  velocity  is  -3.5  kms'* .  Itappeursquite  likely 
that  under  suitable  conditions,  the  shock 
produced  by  the  jet  impact  may  even  lead  the 
primary  shock.  Note  that  Mader’s****  theory 
predicts  regions  of  high  pressures  and  high 
temperatures  due  to  shock  focusing  at  a 
distance  of  about  one  diameter  of  the  original 
sphere  and  in  the  direction  of  the  original 
shock.  We  have  not  found  any  evidence  in 
support  of  these  or  any  other  predictions  of  the 


Figure  7.  A  Sequence  Showing  the  Collapse  of 
a  Hollow  Aluminum  Sphere  (Diameter  = 
9.5  mm.  Wall  Thickness:  0.25  mm)  by  a  Shock 
From  a  20  g  PETN  Charge.  Frames  3  and  4 
show  the  fast  Jetting.  The  times  at  which  the 
various  frames  are  taken:  1-0  ps;  2-3  ps; 
4-5 ps;  4-10  ps;  exposure  time  for  each  frame: 
0.1  ps  (Reference  25). 

theory  in  our  bubble-shock  wave  interaction 
studies. 

As  regards  the  sensitization  of  an  explo¬ 
sive  containing  voids,  when  the  former  is 
subjected  to  a  relatively  strong  shock,  we 
believe  that  the  highest  temperature  hot  spots 
are  formed  at  the  point  of  impact  of  the  jet  on 
the  front  wall  of  the  void.  This  is  because  the 
temperature  of  the  materiel  of  the  jet  will  be 
higher  than  that  of  the  initial  uncompressed 
material,  as  there  is  always  a  residual  temp¬ 
erature  rise  after  shock  compression.  Some 
evidence  in  airport  of  this  can  be  found  in  a 
recent  paper. 
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CONCLUSIONS 

It  has  been  shown  experimentally  that 
fast  fractures  travelling  at  several  hundred 
ms'^  in  sensitive  explosive  crystals  are  unable 
to  cause  their  explosion.  We  have  interpreted 
this  as  being  evidence  of  the  lack  of  high 
enough  temperatures  at  crack  tips.  We  have 
also  argued  that  plastic  flow,  whether  local¬ 
ized  or  not,  can  only  be  effective  in  producing 
initiation  in  an  explosive  crystal  if  the  strains 
are  very  high.  Whether  such  high  strains  in 
explosive  crystals,  which  are  very  weak  and 
brittle,  can  be  formed  has  yet  to  be  seen. 
Frictional  processes  have  been  shown  to  be 
relevant  for  causing  initiation  in  explosive 
materials,  the  melting  point  of  which  are  at 
least  as  high  as  their  ignition  temperatures, 
Strong  experimental  evidence  has  been  pro¬ 
vided  in  support  of  the  adiabatic  heating  of 
the  gas  contained  within  a  collapsing  bubble. 
In  the  case  of  the  intoi  action  of  strong  shocks 
with  spherical  gas  bubbles  and  voids,  fast  jets 
have  been  shown  to  form.  We  have  proposed 
that  those  jets  are  the  most  important  factor  in 
the  high  pressure  regime. 

ACKNOWLEDGEMENTS 

I  should  like  to  thank  Dr.  J.  E.  Field  of 
our  laboratory  for  useful  discussions.  The 
work  was  supported  in  part  by  the  Ministry  of 
Defence  (Procurement  Executive)  and  in  part 
by  the  U.S.  Government  through  its  European 
Research  OfTice.  I  also  thunk  Dr.  J.  Roth  for 
cori'«*cung  my  value  of  the  specific  heat  of 
P-ilMX  in  the  preprint. 

REFERENCES 

1.  Heavens,  S.  N.  and  Field,  J.  E.,  "The 
Ignition  of  a  Thin  Layer  of  Explosive  by 
Impact,”  Proceedings  of  the  Royal  Society, 
Vol.  A338, 1974,  pp,  77-93. 

2.  Campbell,  A.  W.;  Davis,  W.  C.;  and 
Travis,  J.  R.,  "Shock  Initiation  of  Detona¬ 
tion  in  Liquid  Explosives,”  Physics  of 
Fluids,  Vol.  4,  No,  6,  1961,  pp,  498-610. 

3.  Hagan,  J.  T.  and  Chaudhri,  M.  M.,  "Low 
Energy  Laser  Initiation  of  Beta  Lead 
Azide,”  Journal  of  Materials  Science, 
Vol.  16, 1981,  pp.  2467-2466. 


4.  Chaudhri,  M.  M.,  "High  Speed  Photog¬ 
raphy  of  Electrical  Breakdown  and  Explo¬ 
sion  of  Silver  Azide,”  Nature,  Vol.  242, 
1973,  pp.  110-111. 

5.  Copp,  J.  I.;  Napier,  S.  E.;  Nash,  T.;  Powell, 
W.  J.;  Skelly,  H.;  Ubbelohde,  A,  R.;  and 
Woodward,  P.,  "The  Sensitiveness  of 
Explosives,”  Philosophical  Transactions 
of  the  Royal  Society,  Vol.  241,  1948, 
pp.  198-296. 

6.  Fox,  P.  G.,  "The  Explosive  Sensitivity  of 
the  Metal  Azides  to  Impact,”  Journal  of 
Solid  Stale  Chemistry,  Vol.  2,  1970, 
pp.  491-602. 

7.  Armstrong,  R.  W.;  Coffey,  C.  S.;  and 
Elban,  W.  I.,  "Adiabatic  Heating  at  a 
Dislocation  Pile-up  Avalanche,”  Acta 
Melallurgica,  Vol.  30,  1982,  pp.  2111- 
2116. 

8.  Afanus’ev,  0.  T.  and  Bobolev,  V.  K., 
"Initiation  of  Solid  Explosives  by  Impact," 
Israel  Programme  for  Scientific  Transla¬ 
tions,  JeriiB&lem,  1971. 

9.  Winter  R.  E.  and  Field,  J.  E.,  "The  Role  of 
Localized  Plastic  Flow  in  the  Impact 
Initiation  of  Explosives,”  Proceedings  of 
the  Royal  Society,  Vol.  A343,  1976, 
pp.  399-413. 

10.  Frey,  R.  B.,  "The  Initiation  of  Explosive 
Charges  by  Rapid  Shear,”  Proceedings  of 
the  Seventh  Symposium  (International)  on 
Detonation,  Naval  Surface  Weapons 
Center,  White  Oak,  Silver  Spring,  MD, 
1981,  pp.  36-42. 

1 1.  Howe,  P,  M.;  Gibbons,  G.;  and  Webber,  P. 
E.,  "An  Experimental  Investigation  of  the 
Role  of  Shear  in  the  Initiation  of 
Detonation  by  Impact”  Proceedings  of  the 
Eighth  Symposium  (International)  on 
Detonation,  Naval  Surface  Weapons 
Center,  White  Oak,  Silver  Spring,  MD, 
1986,  pp.  294-301. 

12.  Bowden,  F.  P.  and  Yofle,  A.  D.,  Initiation 
and  Growth  of  Explosion  in  Liquids  and 
Solids,  Cambridge  University  Press, 
London,  1952,  pp.  33. 


865 


13.  Dienes,  J.  K.,  "Frictional  Hot  Spots  and 
Propellant  Sensitivity,”  Proceedings 
Materials  Research  Society  Symposium, 
Elsevier  Science  Publishing  Co.,  1984, 
pp.  373-383. 

14.  Chaudhri,  M.  M.,  "Shock  Initiation  of 
Fast  Decomposition  in  Crystalline 
Solids,”  Combustion  and  Flame,  Vol.  19, 
1972,  pp.  419-425. 

16.  Chaudhri,  M.  M.  and  Walley,  S.  M., 
"Damage  to  Glass  Surfaces  by  the  Impact 
of  Small  Glass  and  Steel  Spheres," 
Philosophical  Magazine,  Vol.  A37,  1978, 
pp.  153-165. 

16.  Chaudhri,  M.  M.  and  Field,  J.  E., 
"Deflagration  in  Single  Crystals  of  Lead 
Azide,”  Proceedings  of  the  Fifth  Sympo¬ 
sium  (International)  on  Detonation,  O  ffice 
of  Naval  Research,  Department  of  the 
Navy,  Arlington,  VA,  1970,  pp.  301-310. 

17.  Willlama,  G.  H.  and  O’Neill,  H.,  "The 
Straining  of  Metals  by  Indentation 
Including  Work-Hardening  Effects,” 
Journal  of  the  Iron  and  Steel  Institute,. 
Vol.  182, 1966,  pp.  266-273. 

18.  Chaudhri,  M.  M.  and  Gilbert,  J.  E.,  "The 
Plastic  Deformation  and  Hardness 
Contours  of  Phosphor  Bronze  Cones,” 
Philosophical  Magazine,  Vol.  A62,  1986, 
pp.  549-660. 

19.  Chaudhri,  M.  M., "Deformation  Stress  of 
Highly  Brittle  Explosive  Crystals  from 
Real  Contact  Area  Measurements,” 
Journal  of  Materials  Science,  Vol.  19, 
1984,  pp.  3028-3042. 

20.  Marchand,  A.  and  Dufly,  J.,  "An  Experi¬ 
mental  Study  of  the  Formation  Process  of 
Adiabatic  Shear  Bands  in  a  Structural 
Steel,”  Journal  of  Mechanics  and  Physics 
of  Solids,  Vol.  36, 1988,  pp.  261-283. 

21.  Mishina,  H.;  Sasada,  T.;  and  Watanabe, 
K.;  "Freezing  Point  Depression  Within  a 
Shear  Field  and  the  Effect  of  a  Shear 
Field  on  Crystallization  of  Bi-Pb-Sn-Cd 
Alloy,”  Japan  Journal  of  Applied  Physics, 
Vol.  26, 1986,  pp.  260-262. 


22.  Chaudhri,  M.  M.,  "Stab  Initiation  of 
Explosions,”  Nature,  Vol.  263,  1976, 

pp.  121-122. 

23.  Amuzu,  J.  K.  A.;  Briscoe,  B.  J.;  and 
Chaudhri,  M.  M.,  "Frictional  Properties 
of  Explosives,”  Journal  of  Physics  D: 
Applied  Physics,  Vol.  9, 1976,  pp.  133-143. 

24.  Haskins,  P.  J.,  "A  Theory  of  Stab 
Sensitivity,”  R.A.R.D.E,  Branch 
Memorandum,  Sep  1978. 

26.  Chaudhri,  M.  M.;  Almgren,  L-A.;  and 
Persson,  A.,  "High  Speed  Photography  of 
the  Interaction  of  Shock  Waves  with 
Voids  in  Condensed  Media,”  Fifteenth 
International  Congress  on  High  Speed 
Photography  and  Photonics,  SPIE 
Vol.  348, 1983,  pp.  388-394. 

26.  Bowden,  F.  P.  and  Chaudhri,  M.  M., 
"Initiation  of  Explosion  in  AgNs  and  |i- 
PbNe  Single  Crystals  by  a  Collapsing 
Bubble,”  Nature,  Vol.  220,  1968,  pp.  690- 
694. 

27.  Chaudhri  M.  M.  and  Field,  J.  E.,  "The 
Role  of  Rapidly  Compressed  Gas  Pockets 
in  the  Initiation  of  Condensed  Explo¬ 
sives,”  Proceedings  of  the  Royal  Society, 
Vol.A340, 1974,  pp.  113-128. 

28.  Mader,  C.  L.,  "Initiation  of  Detonation  by 
the  Interaction  of  Shocks  with  Density 
Discontinuities,”  Physics  of  Fluids,  Vol.  8, 
1966,  pp.  1811-1816. 

DISCUSSION 

W.  B.  SUDWEEKS,  Ireco  Inc. 

West  Jordan,  Utah 

How  would  you  expect  your  results  to 
change  if  you  studied  glass  or  plastic 
mlcroballoons  instead  of  gas  bubbles? 

REPLY  BY  M.  M.  CHAUDHRI 

In  the  case  of  my  experiments  in  which  I 
collapsed  small  gas  bubbles  on  individual 
single  crystals  of  silver  azide,  the  initial  water 
shock  was  just  about  1-2  kbar  in  strength.  I 
have  not  yet  studied  the  interaction  of  such  a 
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weak  shock  with  a  glass  or  plastic  micro- 
balloon,  though  we  have  done  so  for  mm  size 
glass  balloons  (see  Reference  26).  1  believe 
that  the  static  fracture  strength  of  a  glass 
microballoon  is  higher  than  1  kbar  (of  course, 
this  strength  depends  upon  the  wall  thickness 
and  the  type  of  glass).  1,  therefore,  wonder  if 
the  weak  water  shock  will  collapse  the  glass 
microballoon.  If  it  does  not,  the  gas  inside  it  (I 
believe  the  pressure  inside  a  glass  micro¬ 
balloon  is  less  than  1  bar  at  room  temper¬ 
ature)  will  not  be  heated  and  1  would  not 
expect  an  initiation  of  reaction  in  the  silver 
azide  crystal,  If  the  strength  of  the  water 
shock  is  high  enough  to  collapse  the  glass 
microballoon,  the  initiation  of  fast  reaction  in 
the  crystal  is  only  possible  if  the  heated  gas 
makes  thermal  contact  with  the  crystal 
surface.  In  the  case  of  a  plastic  microballoon 
resting  on  a  silver  azide  crystal,  the  weak 
water  shock  will  collapse  the  microballoon, 
but,  perhaps  without  breaking  it.  Assuming 
that  it  is  so,  the  gas  within  the  bubble  may 
only  boat  the  walls  of  the  balloon  without 
raising  the  temperature  of  the  crystal  surface 
to  a  significant  value.  In  the  case  of  a  plastic 
microballoons-sensitized  emulsion  explosive,  I 
would  think  that  the  breakage  of  the  micro¬ 
balloon  by  the  initial  shock,  say,  from  a  cap,  is 
necessary  for  eiTicient  sensitization. 

DISCUSSION 
M.  M.  SAMIRANT 

French  German  Resparch  Institute 
(ISL) 

St.  Louis,  France 

In  your  experiments  you  see  a  large 
influence  of  the  y  of  the  gas  contained  within 
collapsing  bubbles.  Do  you  mean  that  hot  spots 
energy  comes  from  adiabatic  compression? 

REPLY  BY  M.  M.  CHAUDHRI 

Yes,  I  do  think  that  the  thermal  energy  in 
the  hot  spots  in  my  experiments  comes  from 
the  rapid  compression  of  the  gas  contained 
within  the  bubbles.  Uy  knowing  the  volume 
change  (from  high-speed  photographs),  we 


have  worked  out  the  total  heat  generated 
within  a  collapsed  bubble.  In  Reference  27,  we 
have  shown  that  a  suilHcient  amount  of  heat  is 
transferred  to  the  crystal  surface  to  give  rise  to 
an  initiation  of  fast  reaction  in  a  time  of  the 
order  of  1  microsecond  or  less. 

DISCUSSION 

P.KATSABANIS 
Queen’s  University 

We  have  observed  sensitization  of 
explosives  when  mixed  with  higher  density 
solids  (example:  emulsions  with  sand).  What 
is  the  mechanism  if  shock  interactions  are  not 
important? 

Simiiarly,  sensitization  is  observed  in  iow 
density  explosive  systems  with  microballoons. 
Jetting  is  quite  difficult  with  the  very  low 
pressures  involved.  Are  shock  interactions  not 
important? 

REPLY  BY  M.  M.  CHAUDHRI 

In  the  case  of  low  strength  (1-2  kbar) 
initial  shocks,  a  direct  comparison  of  the 
sensitization  efficiency  of  a  bubble  and  a  high 
density  solid  particle  can  be  found  in  Figure  7 
of  Reference  27.  You  will  see  that  the  initia¬ 
tion  occurs  at  the  bubble  and  not  at  the  solid 
particle.  In  some  cases,  such  as  the  one  you 
mentioned  and  that  reported  by  Englekn 
(.Physics  of"  Fluids,  Vol.  22,  1979,  pp.  1623- 
1630),  the  hot  spots  are  likely  to  form  by 
frictional  heating  at  the  interface  of  the 
colliding  sand  and  silica  particles. 

In  the  case  of  your  low-density  explosive 
systems  containing  glass  microballoons,  I 
would  expect  the  sensitization  to  be  observed 
only  if  the  microballoons  collapse,  thus, 
producing  jetting  and  causing  heating  of  the 
contained  gas.  If  the  initial  shock  is  unable  to 
collapse  the  balloons,  I  would  not  expect  any 
sensitization. 

1  do  believe  that  shock  interactions, 
which  give  rise  to  hot  spots  away  from  the 
discontinuity,  are  only  important  under  very 
extreme  conditions. 
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CAVITY  COLLAPSE  IN  A  HETEROGENEOUS  COMMERCIAL  EXPLOSIVE 


N.  K.  Bourne  and  J.  E.  Field 
Cavendiih  Laboratory 
Univergity  of  Cambridge,  Madingley  Road 
Cambridge,  CBS  OHE  UNITED  KINGDOM 


The  collapse  of  large  (1-12  mm)  cavities  formed  loiihin  inert  gelatine 
slabs  and  sheets  of  an  emulsion  explosive  has  been  studied  using  high¬ 
speed  framing  photography  and  employing  a  schlieren  technique.  The 
cavities  were  punched,  and  in  some  cases  solid  particles  were  cast,  into 
sheets  that  were  then  sandwiched  between  transparent  blocks.  This 
allowed  processes  occurring  within  and  around  the  cavity  to  be 
recorded.  Shocks  were  introduced  by  impact  from  a  metal  flier-plate  or 
directly  from  an  explosive  plane  wave  generator.  The  asymmetric 
collapse  of  circular  cavities  was  observed;  a  high-speed  liquid  jet 
crossed  the  cavity  and  impacted  on  the  downstream  wall.  Perturbations 
to  the  direction  of  jet  travel  and  to  the  convection  of  the  collapse  site  in 
the  flow  were  caused  by  adjacent  solid  particles.  Regions  of  high 
temperature  within  the  collapsing  cavity  appeared  as  areas  of  gas 
luminescence.  The  development  of  reaction  sites  around  collapsing 
bubbles  in  an  emulsion  explosive  was  photographed. 


INTRODUCTION 

The  voidage  present  in  many  clagses  of 
explosive  has  long  been  recognized  as  a 
sensitizing  agent  to  ignition  by  shock  or 
compression  waves.  This  has  prompted  the 
addition  of  artiilcial  cavities  to  insensitive 
energetic  materials,  particularly  ammonium 
nitrate  (AN),  in  commercial  applications.  The 
role  of  bubble  collapse  in  initiation  was  first 
systematically  investigated  by  Bowden  and 
Yoffe.*  They  considered  collapses  occurring 
over  times  of  the  order  100  ps  to  1  ms  and 
ascribed  the  thermal  initiation  of  the  reactive 
material  surrounding  the  bubble  to  adiabatic 
heating  of  trapped  gas  within  the  cavity  during 
collapse.  Johansson^  calculated  the  increase  in 
temperature  around  a  gas  cavity  due  to  heat¬ 
ing  by  conduction  from  the  compressed  gas, 
and  showed  it  to  be  insufficient  to  cause  igni¬ 
tion  in  the  surrounding  explosive.  He  hypothe¬ 
sized  that  the  reaction  of  droplets  spalled  into 
the  hot  gas  from  the  cavity  wall  during  col¬ 
lapse  would  be  sufficient  to  raise  temperature 
to  the  point  where  ignition  of  the  surrounding 
explosive  might  occur.  Chaudhri  and  Field^ 


and  Starkenberg^  found  that  in  situations 
where  large  cavities  collapsed  relatively  slowly 
gas  phase  heating  was  the  dominant  ignition 
mechanism. 

Meanwhile  the  features  of  bubble  collapse 
in  water  were  being  considered  by  workers  in 
connection  with  the  cavitation  erosion  of  pro¬ 
pellers  and  hydraulic  machinery.  Kornfeld 
and  Suvorov‘S  had  suggested  as  early  as  1944 
that  a  bubble  might  collapse  asymmetrically 
forming  a  high-speed  liquid  jet.  Betdamin  and 
Ellis^  obtained  photographic  evidence  of  such  a 
collapse,  and  Plesset  and  Chapman*^  produced 
a  numerical  simulation  of  a  bubble  collapsing 
in  the  asymmetric  pressure  field  due  to  the 
presence  of  a  solid  boundary;  a  liquid  microjet 
formed  which  was  directed  towards  the  solid 
surface.  In  the  work  presented  here,  such  a 
steady  but  asymmetric  pressure  field  is 
replaced  by  the  transient  pressure  dis¬ 
continuity  of  a  shock  wave. 

A  description  of  such  asymmetric 
collapses  in  terms  of  the  conservation  of  fluid 
momentum  (the  Kelvin  impulse)  has  been 
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advanced  by  several  authors. It  can  be 
shown  that  the  cavity  surface  must  deform  to 
become  multiply  connected  so  that  a  vortex 
system  results  that  conserves  the  original 
Kelvin  impulse.  Vortex  generation  has  been 
observed  in  the  interaction  of  acoustic  shocks 
in  air  with  various  gas-filled  spherical  and 
cylindrical  cavities^’**^  and  with  solid  cylin¬ 
ders.^^  The  presence  of  vorticity  in  the  flows 
studied  in  this  work  considerably  enhances 
mass  and  thermal  diffusivity. 

The  gas  shock  induced  by  the  passage  of 
the  incident  liquid  shock  over  the  cavity  and 
subsequently  trapped  within  the  cavity  during 
its  collapse,  determines  an  inhomogeneous 
temperature  field  within  the  gas.  The  gas 
temperature  along  the  shock  front  during  its 
first  pass  across  a  cavity  has  been  modelled*^ 
and  shows  variations.  However,  the  higher 
ignition  temperatures  are  not  realized  until 
much  later  during  the  final  stages  of  collapse. 
Our  work  suggests  that  the  positions  of  high 
transient  temperature  within  the  cavity  occur 
at  temporally  distinct  times,  and  influence  the 
initial  shape  of  the  reaction  site. 

Many  studies  in  the  past  have 
highlighted  the  role  of  mechanisms  other  than 
gas  compression  in  concentrating  shock  energy 
at  points  at  which  rapid  reaction  might 
commence.  Amongst  these  mechanisms  must 
bo  mentioned  viscous  heating  in  the  matrix 
material  and  the  heating  produced  by 
compression  of  material  downstream  of  the 
cavity  on  impact  of  the  liquid  Jut.  Mador  and 
Kershner^*^  have  reported  the  initiation  of 
sensitive  and  insensitive  HEs  in  a 
hydrodynamic  model.  Chaudhri  et  al.‘^ 
reported  the  initiation  of  fresh  emulsion 
explosive  by  the  jet  impact  from  a  glass  sphere 
collapsed  by  a  2  QPa  shock  in  water.  Krey*^ 
has  noted  that  viscoplastic  work  is  the  most 
efficient  mechanism  for  production  of  high 
temperature  and  that  only  for  small  cavities  (of 
size  <lpm)  will  heat  conduction  away  from 
the  hot  spot  be  significant.  In  our  work,  where 
the  cavity  size  is  large,  gas  compression, 
viscosity,  and  jot  impact  will  be  the  major 
factors  in  hot  spot  formation. 


EXPERIMENTAL 

Our  experiments  have  been  carried  out 


studying  drop  impact  and  cavity  collapse  in 
water.  The  technique  was  further  developed 
by  Dear  and  Pield^®’^°  who  used  gelatine 
layers;  this  is  the  approach  used  here.  The 
advantage  of  using  such  a  method  is  that 
details  of  processes  occurring  within  the  cavity 
may  be  followed  without  the  refraction 
problems  associated  with  viewing  through  a 
three-dimensional  curved  wall. 

A  12  percent  by  weight  mix  of  gelatine  in 
water  at  330K  (to  ^ve  a  gel  density,  Pgei  = 
970  ±  50  kg  m->l)  was  cast  into  a  sheet  of 
thickness  3  mm.  Chosen  cavity  distributions 
wore  then  created  in  the  shoot  by  application  of 
a  suitable  punch.  Solid  particles  were  cast  into 
the  sheet  as  required.  The  prepared  sample 
was  then  sandwiched  between  glass  or  poly¬ 
methylmethacrylate  (PMMA)  blocks,  and 
PMMA  spacers  were  butted  against  the 
remaining  free  gelatine  surfaces  to  prevent 
rarefactions  relieving  shock  pressure  from  the 
sides.  Alternatively,  the  sample  was  sand¬ 
wiched  between  two  further  sheets  of  gelatine 
and  the  entire  block  was  placed  in  a  water- 
fllled  aquarium.  Sample  sheets  of  emulsion 
explosive  of  the  same  thickness  wore  similarly 
prepared  with  chosen  cavity  distributions  and 
placed  between  PMMA  blocks  as  above. 

Plano  shock  waves  wore  introduced  into 
the  sheets  by  firing  a  rectangular,  phosphor- 
bronze  fller-plato  (of  weight  5.5  g)  so  that  it 
impacted  the  surface  of  the  gelatine  or  by  using 
an  explosive  plane  wave  generator  with  shock 
pressure  controlled  by  a  PMMA  gap.  Blocks  or 
aquaria  could  be  bonded  directly  onto  the  sur¬ 
face  of  the  attenuator  (Figure  1).  The  gelatine 
underwent  a  phase  change  under  the  shock 
overpressures  introduced  and  lost  all  of  its 
viscoelastic  properties.  A  disadvantage  of 
using  a  large  aquarium  to  contain  the  gelatine 
sandwich  was  that  viewing  the  event  through 
the  slightly  curved  shock  front  masked  some  of 
the  details  of  events  occurring  within  the 
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Figure  1.  Plane  Wave  Generator  with 
Aquarium.  Alternatively  PMMA  blocks  con- 
taining  a  sheet  of  emulsion  explosive  were 
cemented  onto  the  PMMA  gap. 

cavity,  although  efTccts  due  to  an  impedance 
mismatch  at  the  gel/block  interface  were 
eliminated. 

The  interaction  of  the  incident  shock  with 
the  cavities  and  solids  was  photographed  using 
a  high-speed  camera,  the  Imacon  790,  at  rates 
ranging  from  2x10^  to  6x10^  frames  per 
second.  When  gelatine  was  used  as  a  matrix, 
shocks  were  visualized  using  a  schlieren 
method.  The  arrangement  was  of  the  two 
mirror  Z  configuration  (Figure  2). 

The  flash  source  employed  was  a  Xenon 
Mullard  PAS  tube.  When  emulsions  were 
photographed,  no  external  lighting  was  used 
and  only  emitted  light  was  recorded. 

The  flash  source  employed  was  a  Xenon 
Mullard  FAS  tube.  When  emulsions  were 
photographed,  no  external  lighting  was  used 
and  only  emitted  light  was  recorded. 


Figure  2,  Two  Mirror  Z  Configuration  Con¬ 
structed  Around  the  Two-Dimensional  Experi¬ 
ment.  The  mirrors  are  of  focal  length  1.2m  and 
are  0.1m  in  diameter. 

RESULTS 

Single  Cavity  Collapse  and  the  Formation 
of  High'speed  Jets 

The  collapse  and  initial  stage  of  rebound 
of  a  12  mm  cavity  in  gelatine  and  containing 
air  is  shown  in  Figure  3.  The  incident  shock 
introduced  by  the  slider  Impact  was  of  over¬ 
pressure  0.26  GFa  and  it  is  just  visible  in  frame 

1  marked  S.  The  initial  shock  is  gone  by  frame 

2  and  an  air  shock,  A,  runs  within  the  cavity  at 
closo  to  its  acoustic  velocity,  flattening  as  it 
approaches  reflection  in  frame  4.  The  shock  is 
just  apparent  in  frames  5  and  6  (at  the  base  of 
the  arrows)  where  it  appears  as  a  dark  line  as  a 
result  of  a  phase  change  on  reflection,  and  can 
be  followed  throughout  the  remaining  frames 
bouncing  within  the  closing  cavity  and  thus 
strengthening. 


Figure  3.  A  12  mm  Cavity  Containing  Air  Collapses  in  Gelatine.  The  sequence  is  a  composite 
constructed  from  several  experiments.  Instability  starts  in  frames  3  and  4.  A  jet  appears  in  frame  6 
and  impacts  in  frame  1 1 .  Interframe  time  10  ps. 
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The  onset  ofjett-iig  itarts  as  an  instabil¬ 
ity  of  sinusoidal  form  in  frames  2  and  3,  and  a 
well-formed  jet  appears  in  frame  6,  impacting 
in  frame  11.  The  jet  tip  travels  at  a  constant 
velocity  of  130  m  s-i  throughout  its  fligh‘..  Two 
lobes  of  gas,  L,  are  isolated  in  frame  12.  Jot 
penetration  produces  a  vortex  pair,  V,  after 
collapse. 

The  violence  of  the  collapse  when  the 
bubble  is  subjected  to  higher  incident  shock 
pressures  from  a  plane-wave  generator  is 
apparent  in  the  reduced  collapse  times  and 
increased  jet  velocities.  If  the  jet  hits  the 
downstream  wall  with  velocity  v,  then  a 
transient  pressure,  Pimpuoii  of  magnitude 

f' 

will  be  created  in  a  liquid  of  density  p  for  a 
time  i  given  by 


where  r  is  the  radius  of  the  jet  tip  and  c  is  the 
liquid  shook  velocity.  The  radius  of  the  jets  is 
of  the  order  of  0.1  mm  giving  t  =  100  ns. 
Table  1  shows  the  recorded  jet  velocities  and 
times  to  collapse,  t  (doilnod  hero  to  bo  the  time 
from  which  the  shock  passes  the  rear  wall  to 
the  moment  of  impact  of  the  jet  tip),  for  several 
cavity  diameters  and  shock  pressures.  Veloc¬ 
ities  are  measured  directly  from  photographic 
sequences,  while  impact  pressures  are  calcu¬ 
lated  from  Equation  (1). 

In  other  work*'*'*®  it  was  found  that 
bubbles  placed  side  by  side  and  close  together 
collapsed  such  that  their  jets  diverged  from  one 
another.  In  the  case  of  three  bubbles  placed  in 
a  line  parallel  to  the  shock  front  it  was  found 
that  the  central  of  the  three  jetted  in  a  direc¬ 
tion  perpendicular  to  this  front,  whereas  the 
jets  of  the  outer  two  diverged  away  from  the 
central  cavity.  If  separations  wore  very  small, 
multiple  jets  wore  observed.  When  cavities  wore 
placed  in  a  column,  the  rebound  shock  from  the 
first  collapse  triggered  collapse  in  the  next  cav¬ 
ity  downstream.  Similarly,  the  incident  shock 
interacting  with  a  square  array  was  shielded 
from  all  but  the  first  row  of  the  array  and  sub 
sequent  cavity  collapse  was  by  the  rebound 
shocks  from  this  row. 


Tablh  7.  Variation  of  t,  v,  and  P  for  3,  6,  and 
12  mm  fJavities,  The  designations  A,  B,  and  C 
refer  to  ih  :^  geometries  of  Figure  4.  The  shock 
pressures  are  those  recorded  exiting  the  PMMA 
attenuator  except  for  f  where  the  pressure  in  the 
gelatine  is  known . 


Shock 

Pressure, 

P(OPb) 

Cavity 

Diameter 

(mm) 

Collapse 

Time,t 

Out) 

Flmiwci 

(OPa) 

Jet 

Velocity, 

(mi>) 

OMt 

3A 

16±1 

0.14 

190±6 

0.26f 

3B 

10±1 

0.23 

300  ±6 

0.26f 

3C 

20±1 

0.11 

160  ±6 

I 

3 

2±1 

1.1 

1000-3000 

3 

3 

1.0  ±0.2 

2.3 

3000  ±600 

QMf 

6 

40±1 

0.11 

160±6 

1 

6 

4±1 

1.1 

1600  ±400 

3 

6 

1,8  ±0.2 

3.8 

6000  ±300 

5 

6 

2±1 

2.3-4.6 

3000-6000 

0.26f 

12 

06±1 

0,1 

130±6 

1 

12 

7±1 

1.3 

1700  ±260 

The  Collapse  of  Cavities  In  the  Presence  of 
Solid  Particles 

Cavity/solid  interaction  is  only  important 
when  an  inhomogeneity  is  placed  sufficiently 
close  that  an  acoustic  perturbation  travels 
from  its  source  to  the  collapse  site  before  the 
collapse  is  complete.  Cavity  and  particle  den¬ 
sity  are  thus  major  variables  determining  the 
effects  due  to  adjacent  inhomogonoities.  This 
limits  useful  work  to  the  investigation  of  the 
interactions  of  inhomogonelties  up  to  five 
cavity  diameters  apart. 

In  those  experiments  the  particles  were 
3  mm  diameter  load  or  nylon  discs  cast  into 
the  gelatine  sheet.  Five  geometries  have  been 
studied  and  are  illustrated  schematically  in 
Figure  4(a).  The  cavity  collapse  times  and  jet 
velocities  measured  for  the  geometries  A,  B, 
and  C  have  appeared  already  in  Table  1  with 
the  same  labeling.  The  interacting  com¬ 
pressive  shocks,  C,  and  tensile  shocks,  T,  due  to 
reflection  of  the  incident  shock  at  solid  parti¬ 
cles  and  cavity  boundaries  are  marked  in  on 
the  schematics,  and  can  be  followed  in  the 
collapse  sequences.  Note  also  areas  of  lower 
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Figure  4.  (a)  Schematic  of  Configurationa  Used  (b)  Collapse  of  3  mm  Cavities  in  Presence  of  Solid 
Particles.  Note  jet  deviation  as  separation  is  varied,  (c)  Sequences  Showing  Collapse  Geometries  B 
andC,  Note  incident  shock,  Si  tensile  shock,  Tt  rebound  shock,  H;  and  surface  waves,  Pj  and  P2, 


prtiBBure,  P,  that  appoar  at  the  downatream 
stagnation  points  of  tho  cylindors  In  the  flow. 

In  Figure  4(b)  frames  from  sequences 
taken  from  the  collapse  of  cavities  a(ijacent  to 
load  and  nylon  discs  (geometry  A)  are  shown. 
Tho  initial  cavity  wall  motion  is  perpendicular 
to  tho  incident  shock  and  can  only  deviate  from 
this  direction  after  arrival  of  the  compressive 
reflection  from  the  particle.  Jet  deviation 
away  from  both  load  and  nylon  particles  is 
observed  if  the  uavity/particlo  separation  is 
greater  than  a  cavity  diameter,  d,  for  load 
particles,  and  greater  than  I.6d  for  nylon 
particles  [Figure  4(b)  iii|.  Interestingly,  when 
cavity  and  particle  arc  within  a  diameter  of 
one  another  the  jet  moves  towards  the  particle 
[Figtire  4(b)  i|.  Similar  effects  are  observed 
when  a  particle  is  placed  up  or  downstream  of 
cavities  as  in  geometries  U  or  E. 

When  cavity  and  particle  are  placed  on  an 
axis  perpendicular  to  the  shock  front,  no  jot 
deviation  is  observed.  However,  this  configura¬ 
tion  alters  the  collapse  times  according  to  the 
geometry,  Figure  4(c)  C  shows  tho  interaction 
of  tho  incident  shock  with  a  cavity  placed 
directly  in  front  of  a  particle.  Tho  cavity 
collapse  time  of  10  ps  is  marginally  faster  than 
would  be  expected  for  a  single  cavity  alone. 
Tho  relouBc  wave  from  tho  cavity,  T,  and  tho 


rebound  shock,  R,  are  apparent.  Later  frames 
show  tho  convection  of  the  collapse  site 
downstream  at  10  m  8->  where  it  parts  to  flow 
around  tho  particle,  which  is  held  stationary 
by  its  inertia. 

In  the  alternative  geometry  in  which  the 
cavity  is  placed  in  the  diflVaction  zone  of  the 
particle,  tho  violence  of  the  collapse  is  mark¬ 
edly  reduced  to  t'«20  ps.  The  incident  shock, 
S,  is  clearly  seen  in  frame  1  of  4(c)  B.  As  the 
stagnation  area,  F,  begins  to  form  behind  the 
particle  (frame  2)  a  wave,  Pi,  centered  on  tho 
rear  of  the  cylinder  is  soon  to  begin  propa¬ 
gating  at  a  velocity  of  some  1400  m  s  L  It  is 
believed  to  be  a  surface  wave  propagating  at 
the  glass/fluid  interface.  As  the  area  is  shed  in 
frame  4  a  further  surface  wave  P2  is  omitted. 
Finally,  the  area  shed  from  behind  the  cavity, 
and  the  collapse  site  are  convected  downstream 
witii  the  flow  (frame  6) 

Areas  of  High  Temperature  in  Gas 
Contained  Within  Collapsing  Cavities 

Measurements  of  tho  temperatures 
reached  by  gas  under  compression  within  col¬ 
lapsing  cavities  have  yielded  values  between 
600  and  1  BOOK. *’*'*•*  Dear  ot  al.^®  used  an  image 
intensifior  to  observe  the  collapse  of  a  3  mm 
cavity  in  gelatine  by  a  0.26  GPa  shock  and 
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observed  two  lobed-shaped  regions  on  the  back 
cavity  wall  in  which  luminescence  occurred.  In 
other  work  reported  in  Reference  20,  10  mg  of 
silver  nitrotetrazole  was  embedded  in  the  mate¬ 
ria)  downstream  of  the  cavity.  An  incident 
shock  of  strength  0.26  QPa  passed  upwards 
and  a  Jet  started  to  form.  Ignition  occurred  at  a 
site  to  the  left  of  the  point  of  jet  impact,  adja¬ 
cent  to  one  of  the  lobes  isolated  in  collapse.  In  a 
further  experiment,  the  gas  confinement  was 
removed  by  placing  the  primary  ahead  of  a 
semicircular  cavity  in  air.  The  jet  impinge¬ 
ment  alone  was  insufficient  to  cause  ignition. 

In  Figure  6(a)  a  sequence  is  shown  of  a 
6  mm  cavity  collapsing  in  gelatine  with  an 
incident  shock  pressure  leaving  the  PMD4A 
attenuator  of  a  PWQ  of  3  QPa.  The  experiment 
was  carried  out  in  an  aquarium.  Collapse  has 
begun  by  frame  2  and  proceeds  to  jet  impact 
between  Drames  2  and  3.  The  rebound  shock  R 
is  visible  in  frame  4  between  the  shock  and  the 
reaction  products.  Although  the  finite  curva¬ 
ture  of  the  shock  front  obscures  the  cavity,  two 
flashes  of  luminescence,  L,  are  observed  in 
frame  3.  These  correspond  in  position  to  the 
luminescence  observed  in  Reference  20.  Fig¬ 
ure  6(b)  shows  the  luminescence  of  the  above 
collapse  at  the  same  incident  shock  pressure 
observed  at  a  higher  framing  rate.  Frame  1 
shows  the  appearance  of  a  flash  J,  which  has 
disappeared  by  fVame  2  where  only  a  faint  spot 
is  seen.  In  frame  3,  however,  the  two  lobes  L, 
are  observed  us  in  the  sequence  of  Figure  5(a). 
Note  that  the  initial  flash  appears  in  an  axial 
position,  while  those  liter  appear  to  the  right 
and  left  of  this  area.  The  duration  of  the  high 
temperatures  giving  rise  to  this  luminescence 
is  less  than  1  ps. 

The  Initiation  of  Sites  Within  an  Unsensi¬ 
tized  Emulsion  Explosive 

In  this  section  we  present  results  showing 
the  collapse  of  1,  2,  and  6  mm  cavities  punched 
into  a  3  mm  sheet  of  an  emulsion  explosive 
(ammonium  nitrate,  oil,  and  water).  The  sheet 
was  held  between  PMMA  blocks  of  thickness 
26  mm  and  an  incident  shock  (leaving  the 
PMMA  gap)  of  8  QPa  was  intrcduced.  The 
emulsion  was  not  sensitized  with  micro- 
balloons. 


a) 


b) 


Figures,  (a)  Collapae  of  a  Single  3  mm  Cavity 
in  an  Aquarium.  The  shock  pressure  leaving 
the  PWQ  is  3  QPa.  Luminescence,  L,  is  seen  in 
frame  3.  The  rebound  shock  is  visible  in  frame 
4.  (b)  At  higher  framing  rate  a  single  flMh,  J, 
is  observed  followed  by  lobes,  L. 

Figure  6(u)  shows  the  collapse  of  a 
hexagonal  array  of  I  mm  cavities  and  6(b),  a 
rectangular  array  of  2  mm  cavities.  The  light 
emitted  corresponds  well  with  the  position  of 
cavities  in  the  emulsion.  Linear  areas  of  flame 
at  the  right  and  left  hand  edges  of  the  ft'ames 
correspond  to  the  reaction  of  emulsion  frag¬ 
ments  smeared  onto  the  PMMA  spacers  at 
either  side  and  sensitized  by  trapped  air.  The 
areas  of  emitted  light  have  been  transferred  to 
a  time-integrated  frame  to  the  right  of  each 
sequence.  The  hexagonal  array  is  much  better 
defined  than  the  rectangular  array,  even 
though  the  cavities  are  larger  In  the  latter. 

Figure  7  shows  the  collapse  of  a  rec¬ 
tangular  array  of  5  mm  cavities  in  the  same 
emulsion.  The  incident  shock  starts  collapse  of 
the  first  cavity  row  in  frame  1  and  jet  impact 
occurs  between  frames  1  and  2.  The  material 
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Figure  6,  A  Hexagonal  Array  of  1  mm  Cavities  (a),  and  a  Square  Array  of  2  mm  Cavities,  (b) 
Collapse  in  an  Emulsion.  The  interframes  time  is  2  ps.  The  areas  of  burning  are  transferred  to 
frames  on  the  right. 


corresponds  with  that  of  the  collapse  sites  seen 
earlier.  When  a  corresponding  close-packed 
hexagonal  array  is  created,  sites  form  between 
adjacent  cavities  in  the  downstream  row  and 
the  reaction  site  is  of  shorter  duration. 

DISCUSSION  AND  CONCLUSIONS 


Figure  7.  A  Square  Array  of  5  mm  Cavities 
Collapses  in  Emulsion.  The  shock  pressure 
leaving  the  PMMA  is  8  GPa.  Note  the  sequential 
collapse  of  each  row  and  reaction  occurring  in 
the  material  ahead  of  the  rear  cavity  wall. 


downstream  of  the  first  row  ignites  in  frame  2 
and  these  sites  persist  fur  3-4  ps,  convecting  in 
the  flow  behind  the  shuck  up  to  frame  6.  The 
second  row  collapses  in  frame  6  where  ignition 
at  a  point  at  the  jet  tip  of  the  central  cavity  is 
observed.  The  shape  of  the  reaction  sites 


Analysis  of  the  collapse  of  a  circular 
cavity  under  shock  has  been  attempted 
analytically  In  two  dimensions  by  Lesser.*”  He 
allows  each  particle  of  the  free  rear  surface  of 
the  cavity  to  move  with  a  resolved  part  of  the 
velocity  of  the  incident  shock.  The  model 
qualitatively  predicts  the  form  assumed  by  the 
back  wall,  but  underestimates  the  measured 
Jet  velocities. 

It  seems  that  the  collapse  should  more 
correctly  be  regarded  as  a  process  comprising 
three  different  regimes.  In  the  first,  the  free 
cavity  surface  is  accelerated  into  the  gas 
within  the  cavity.  The  surface  might  bo 
expected  to  form  a  shock  induced  Raylcigh- 
Taylor*^*  instability  sometimes  called  the 
Richtmeyer-Meshkov  instability.***  Such  an 
instability  is  seen  to  arise  in  the  early  stages  of 
Figure  3,  developing  as  the  amplitude  of  the 
disturbance  becomes  large  into  the  constant 
velocity  jet  characteristic  of  the  second  regime 
of  collapse.  The  final  regime  begins  with  the 
jet  impact  upon  the  downstream  wall,  and 
includes  the  formation  of  two  vortices  ahead  of 
the  collapse  site  as  the  jut  penetrates.  The 
compression  of  the  gas  trapped  in  the  remnants 
of  the  cavity  completes  the  collapse. 


The  transition  from  the  linear  acoustic 
regimes  of  the  flier-plate  impact  experiments 
to  strong-shock  collapses  by  explosively-driven 
shocks  does  not  qualitatively  appear  to  intro¬ 
duce  any  new  features  due  to  non-linear 
effecta.  However,  the  jet  impact  pressures  are 
of  significant  magnitude  and  generate  a 
rebound  shock  capable  of  inducing  further 
collapse  in  adjacent  cavity  layers. 

The  interactions  of  cavities  with  other 
cavities  and  particles  within  a  fluid  is  a 
complex,  time-varying  function  of  pressure  and 
particle  velocity  around  the  collapse  site.  The 
important  features  of  the  collapse  are  the 
direction  of  Jet  travel  within  the  cavity,  the 
compressive  and  tensile  reflections  from 
inhomogeneitios  in  the  fluid,  and  the  pro¬ 
duction  of  areas  of  high  vorticity  and  mixing 
within  the  flow. 

The  direction  of  jetting  may  be  explained 
in  terms  of  the  pressures  acting  around  the  back 
boundary  of  the  cavity  during  collapse.  The 
compressive  reflections  of  the  incident  shock 
by  solid  particles  act  to  divert  the  direction  of 
jetting  in  adjacent  cavities  away  from  the  par¬ 
ticle.  This  is  Bufllclent  to  explain  the  observed 
results  for  situations  in  which  bubble  and  parti¬ 
cle  are  separated  by  more  than  a  bubble  diam¬ 
eter.  At  closer  separations  the  jet  directs  itself 
toward  the  particle,  an  example  of  the  Bjerknes 
effect  which  will  decrease  in  strength  with 
distance  away  from  the  particle.  In  the  case 
where  an  inclusion  is  axially  downstream  from 
the  cavity,  the  collapse  time  may  bo  reduced  by 
the  acceleration  of  the  downstream  cavity  wall 
towards  the  inverting  upstream  wall. 

The  areas  of  lower  pressure  that  develop 
behind  the  particle  are  believed  to  be  stagna¬ 
tion  points  similar  to  those  produced  in  steady 
flow  around  cylinders.  Associated  vortices  are 
then  shod  downstream.  A  vortex  pair  is  also 
present  in  the  collapse  site  after  the  jot  has 
penetrated  the  downstream  wall.  The  flow  thus 
contains  significant  regions  of  mixing  which 
are  distributed  through  the  flow  by  convection 
of  sites  around  solid  particles  (sec  Figure  4(c)|. 
helper  et  al.'^^  attributed  the  rate  increase  in 
an  air-sensitixod  commercial  explosive  (AN, 
water,  oil)  with  increased  voidage  to  the  higher 
mass  and  thermal  diffusivity  resulting  from 
the  chaotic  motion  arising  from  complex  shock 


interactions  with  the  voidage.  Such  cavity 
interactions  may  bo  seen  here  explicitly  giving 
rise  to  the  chaotic  motion  inferred  by  helper  et 
al.  These  sites  of  high  vorticity  are  also  those 
associated  with  the  initiation  of  burning  in  an 
unsensitlzed  emulsion  of  the  type  used  in 
Reference  22. 

Dear  et  al.^^  estimated  a  temperature 
within  their  luminescing  cavity  in  excess  of 
750  K  by  assuming  adiabatic  compression  of 
the  gas  within  the  cavity,  consistent  with 
luminescence  arising  from  free-radical  crea¬ 
tion  and  radiative  recombination.  The  experi¬ 
ments  with  the  primary  explosive  indicate  the 
importance  of  gas  conflnement  when  dealing 
with  regimes  in  which  cavity  size  is  large  and 
shock  pressures  are  relatively  low. 

Lesser  and  Finnstrtim*^  explained  the 
results  of  Reference  20  in  terms  of  temperature 
gradients  existing  along  the  front  of  the 
induced  gas  shock  running  inside  the  cavity. 
However,  their  model  put  the  high  tem¬ 
perature  areas,  giving  rise  to  luminescence,  in 
the  first  pass  of  the  gas  shock  across  the  cavity, 
in  contradiction  to  the  sequence  of  Figure  5 
which  shows  luminescence  occurring  in  the 
final  stages  of  collapse.  It  seams  that  the 
creation  of  those  transient  high  temperatures 
is  a  multi-stage  process.  The  strengthening 
gas  shock  bouncing  within  the  cavity  (see 
Figure  3)  will  give  rise  to  an  inhomogeneous 
and  rapidly  varying  temperature  field.  This 
culminates  in  a  flush  of  light  associated  with 
the  jet  impacting,  followed  some  0.4  pa  later  by 
further  lumlnesconco  associated  with  gas 
compression  in  the  two  lobes  of  gas  isolated  by 
the  jot  impact.  This  implies  that  there  are  two 
temporally  distinct  positions  on  the  down¬ 
stream  cavity  wall  at  which  thermal  initiation 
might  occur.  The  first,  near  the  jet  tip  is 
associated  on  impact  some  nanoseconds  later 
with  high  transient  prossuros,  The  second,  to 
the  loft  and  right  of  this  area,  experiences  high 
tomporatures  for  a  more  extended  time. 

The  above  observations  of  collapse  in  an 
inert  medium  may  be  used  to  describe  ignition 
at  cavity  collapse  sites  in  an  AN,  oil,  water 
emulsion  explosive.  The  general  features  of 
such  collapses  are  ignition  at  the  point  of  jet 
impact  followed  directly  by  ignition  of  the 
material  ahead  of  the  original  downstream 
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cavity  wall  (as  observed  in  the  simulations  of 
Reference  13).  There  is  no  ignition  before 
cavity  collapse  has  completed.  With  the 
geometry  used  in  this  work,  no  propagating 
reaction  front  was  generated.  However, 
reaction  sites  were  present  convecting  in  the 
(low  for  3-5  ps  before  extinguishing.  For  lower 
void  densities  collapse  proceeded  row  by  row 
with  the  most  violent  collapses  observed  for  the 
hexagonal  geometry  where  the  penetration  of 
the  incident  shuck  into  the  array  was  most  e(Ti- 
ciont.  Closer  spacing  of  cavities  in  downstream 
rows  appears  to  quench  the  burning,  by 
pressure  release  and  restriction  of  the  material 
available  for  reaction. 

The  sequences  show  that  ignition  in  the 
case  of  largo  cavities  in  a  matrix  of  low 
viscosity  is  largely  a  result  of  the  temperature 
at  the  downstream  cavity  wall  created  by  gas 
compression.  The  development  of  the  reaction 
site  is  consistent  with  ignition  of  an  area  of 
high  mixing  caused  by  linear  vortices  created 
by  jet  penetration  of  the  downstream  wall.  It  is 
likely  that  gas  temperatures  within  a  cavity  in 
the  final  stages  of  collapse  are  Inhomogeneous 
duo  to  complex  shock  reflections  within,  and 
higher  than  those  predicted  by  an  adiabatic 
compression  model. 
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DISCUSSION 

J.  ROTH,  Consultant 
Portola  Valley,  CA 

Have  you  tried  different  gases  in  your 
collapsing  cavities? 

REPLY  BY  N.  K.  BOURNE 

The  only  gas  introduced  into  the  cavities 
was  air  at  ambient  pressure  and  temperature. 
It  would  be  interesting  to  vary  the  ratio  of 
specific  heats  of  the  cavity  contents  and/or  the 
initial  gas  pressure  in  order  to  quantitatively 
assess  the  importance  of  jet  impact  versus 
adiabatic  heating  as  an  ignition  mechanism. 


DISCUSSION 

H.  GRYTING,  Gryting  Energetics 
Sciences  Company,  San  Antonio,  TX 

Do  you  have  (semi-)  quantitative  infor¬ 
mation  concerning  the  relative  importance  (as 
related  to  ignition  to  detonation)  of  the  heating 
of  the  gas  by  adiabatic  compression  during  hot 
spot  formation  upon  shock  wave  impingement, 
and  the  simultaneous  attack  upon  the  explosive 
at  the  far  hot  spot  sphere  wall  from  fragmented 
explosive  particles  flung  inward  from  the 
shock  that  causes  the  hot  spot  to  collapse? 

REPLY  BY  N.  K.  BOURNE 

The  sequences  I  have  taken  suggest  that 
in  the  explosive  system  presented  in  this  work 
it  is  the  hydrodynamic  heating  resulting  from 
the  jet  impact  that  is  the  primary  ignition 
mechanism.  The  adiabatically  compressed  gas 
does  have  an  influence  on  the  ignitions 
observed,  but  at  s  temporally  distinct  time 
after  a  site  has  begun  to  develop  centered  on 
the  point  ui  jet  impact.  The  spatial  extent  of 
the  site  is  thus  influenced  by  the  ignition  from 
the  hot  gas.  In  a  few  cases,  ignition  of  vapor 
within  the  cavities  has  been  tentatively 
identifled.  These  sequences  will  appear  in  a 
future  paper.  I  must  stress  that  our  system  is 
one  in  which  viscosity  is  low  and  cavities  are 
large  so  that  visco-plastic  work  contributes 
negligibly  to  tem;ierature  rises.  This  is  not 
generally  the  case  in  many  systems  of  interest. 
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RESPONSE  OF  COMPOSITE  PROPELLANTS  TO  SHOCK  LOADING 


Bai  Ghunhua  and  Ding  Jing'^ 

Beijing  Institute  of  Technology 
Department  of  Engineering  Mechanics 
P.  O.  Box  327,  Bering  100081.  PEOPLE'S  REPUBLIC  OF  CHINA 


The  response  of  two  composite  propellants,  FT -I  and  FT -2,  to  two 
shock  loadings,  2.0  GPa  and  10.0  OPa,  has  been  studied,  In  the  shock 
initiation  process  produced  by  a  2,0  GPa  shock  wave,  there  are  two 
peaks  behind  the  shock  front  in  histories  of  particle  velocity,  pressure, 
reaction  rate,  and  others.  The  reaction  proceeds  with  three  stages.  In  a 
detonation  process  under  10.0  GPa  shock  loading,  the  reaction  zone 
extends  for  more  than  1,0  ps  and  the  detonation  is  non-ideal,  Analyses 
using  the  Lagrangian  technique  show  that  the  two  peaks  are  produced 
by  the  physical  and  chemical  interaction  of  the  ammonium  perchlorate 
and  the  binder,  HTPB  or  thiokoL 


INTRODUCTION 

During  the  development  of  propellants, 
the  shock  wave  sensitivity  must  be  considered. 
In  manufacturing,  machining,  stockpiling, 
transporting,  and  during  use,  propellants  are 
often  acted  on  by  shock  waves.  On  the  other 
hand,  in  a  process  of  deflagration  to  detonation 
transition  (DDT),  the  shock  to  detonation 
transition  (SDT)  is  the  final  stage.  For  a 
long  time  the  shock  wave  sensitivity  of  solid 
propellants  was  evaluated  by  Gap  Test,^’^  the 
behavior  of  propellants  under  shock  loading 
has  been  widely  studied.  Later,  the  Modified 
Gap  Test*''®  was  developed.  Using  this  test, 
two  thresholds  can  be  obtained.  One  is  the 
reaction  threshold  and  the  other  is  the 
detonation  threshold.  Probe  and  wedge 
experiments^'®  were  used  to  get  the  locus  of  the 
shock  front.  Some  researchers®  studied  quali¬ 
tatively  the  interaction  of  components  using 
numerical  modeling. 

In  this  work,  two  composite  propellants 
are  studied  which  are  named  FT-1  and 
PT-2.  The  main  formulation  for  FT-1  is 
21/8/66  wt  percent  thiokol/aluminum  powder 


*  Currently  on  sabbatical  leave  at  CETR,  New 
Mexico  Tech,  Socorro,  New  Mexico87801 


(AD/ammonium  perchlorate  (AP),  and  that 
hir  FT-2  is  11/18/68  wt  percent  hydroxy- 
terminated  polybut.adine  (HTPB)/A1/AP. 
First,  by  using  Lagrange  gauges  and 
Lagrangian  analysis,  histories  of  particle 
velocity,  pressure,  specific  volume,  and 
internal  energy  are  obtained.  Then,  based  on 
these  results,  reaction  characteristics  are 
calculated  which  are  composed  of  reaction 
extent,  reaction  rate,  energy-release  rates,  and 
instantaneous  heat  of  reaction.  Finally,  the 
reaction  process  is  analyzed  with  the  help  of 
component  experiments. 

METHODS 

The  shock  wave  system  consists  of  a 
100-mm  diameter  plane  wave  generator,  a 
10-mm  thick  Baratol  pad,  and  a  gap  used  to 
adjust  pressure.  Using  BMV  gauges  and  man- 
ganin  pressure  gauges,  a  set  of  particle  veloci¬ 
ties  and  pressure  histories  are  measured.  The 
assemblies  of  the  two  kinds  of  gauges  are 
shown  in  Figure  1.  When  using  EMV  gauge, 
the  influence  of  detonation  product  conduc¬ 
tivity  on  th:}  results  of  measurement  was 
studied.  The  results  show  the  error  is  less  than 
4  percent.*®  The  magnetic  field,  which  is 
produced  by  a  Helmholtz  coil  in  a  160  mm 
diameter  sphere,  is  1,000  ±  6  Gauss. 
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Pressure  History  Measurement 

1-  80x25x30  mm 

2-  80x30x3  mm 

3-  80x30x20  mm 

4-  ll  type  manganin  gauge 


Particle  Velocity  History  Measurement 

1-  80  x  25  x  30  mm 

2-  80  x  30  x  3  mm 

3-  80  x  30  x  20mm 

4-  V  type  EMVG 


c.  (1. 

Experimental  records  of  particle  uclocity  histories  (a,b)  and  pressure  histories  (c,d) 
a,c-  FT- 1  Propellant  b,d-  FT -2  Propellant 

Figure  I,  Assemblies  of  a  set  of  (a)  EM  V  gauges  and(b)  manganin  pressure  gauges 
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Based  on  the  experimental  results  for 
particle  velocity  and  pressure,  specific  volume 
and  specific  Internal  energy  are  evaluated 
from  the  following  equations; 

.  V(h,t)  =  V(h,i)+ —  f  dt  (1) 

pQ  J I V  ah  /t 


E(h,t)  =  E(h,v)  -  —  f  p(  ^  )  dt  (2) 
pQ  J I  A 

Here,  U,  P,  V,  and  E  are  particle  veloc- 
ity,  pressure,  specific  volume,  and  specific 
internal  energy,  respectively,  h  and  t  are 
Lagrangian  coordinates,  x  Is  the  time  of  shock 
front  arrival,  subscript  0  expresses  initial  state 
and 


is  determined  by  the  pathline  technique.** 
The  state  of  shocked  propellants  is  described 
by  Equations  (3)  to  (9),  Reaction  extent,  X, 
is  obtained  through  substituting  the  results  of 
Lagrangian  measui^'ements  and  Lagrangian 
analysis  to  these  equations. 


Pu  =  ®S(Pu-Po)  +  ^V-1)pA 

(3) 

Y  =  48  -  2(  1  ~  —  )a^  ■  * 

(4) 

(6) 

P  r.  P  =P 
u  p 

(6) 

V  =  xv  +(1-\)V 

P  V 

(7) 

E  =  \E  +  (l--X)E  -1-  XQ 
p  u  ^ 

(8) 

Here  Q  is  the  heat  of  reaction;  co  and  s  are 
the  coefTiciento  in  the  Hugoniot  relation  D  -  cq 
+  sU,  and  are  determined  by  experiment;  and 
k  is  the  ratio  of  specific  heat  of  the  products, 
Subscripts  u  and  p  indicate  unreacted  propel¬ 
lants  and  reaction  products.  Other  reaction 
characteristics — reaction  rate  r,  volumetric 
enerj^-release  rate  |^,  chemical  energy  release 
rate^or,  and  instantaneous  heat  of  reaction*^ 
can  be  calculated  based  on  the  results  of 
Lagrangian  measurements  and  Lagrangian 
analysis. 


Here  c  is  the  frozen  sound  speed,  F  the 
GrUneisen  parameter,  and  o  the  thermicity 
coelTiciont. 

SHOCK  INITIATION 

The  shock  initiation  process  of  FT-1 
and  FT-2  produced  by  a  shock  wave  with  a 
front  pressure  of  2.U  QPa  was  studied. 
Histories  of  particle  velocity  and  pressure  were 
measured  at  four  profiles  using  Lagrangian 
gauges.  Specific  volume  and  specific  inter¬ 
nal  energy  were  calculated  using  Lagrangian 
analysis.  Reaction  extent,  reaction  rate, 
energy-release  rates,  and  instantaneous  heat 
wore  also  calculated.  FT-1  and  Pr-2  have 
similar  behavior.  Some  results  of  PT-2  are 
shown  in  P'igure  2. 

From  the  experimental  and  calculated 
results,  two  peaks  behind  the  shock  front  are 
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(b) 


Figure  2.  Histories  of  (a)  Pressure,  ( b)  Reaction 
Extent,  and  (c)  Volumetric  Energy  Release  Rate 
ofFT-2 

found  in  the  histories  of  particle  velocity,  pres¬ 
sure,  reaction  rate,  and  others.  The  history  of 
reaction  extent  is  composed  of  three  stages  with 
the  middle  one  being  a  reactionless  stage. 
Comparison  of  the  first  and  last  stages  shows 
that  in  the  last  stage  the  reaction  develops 
more  quickly. 


volume,  and  specific  internal  energy,  other 
reaction  characteristics  arc  calculated.  Figure 
3b  is  the  results  of  volumetric  energy-release 
rate  of  FT-2,  Prom  these  results  it  is  found 
under  detonation  the  reaction  continues  for 
about  1.0  ps  and  the  width  of  the  reaction  zone 
is  more  than  5,0  mm. 

Experimental  detonation  parameters 
were  obtained  from  Lagrangian  gauge  mea¬ 
surements  and  ideal  detonation  parameters 
were  calculated  using  BKW  code.*^  Some 
results  are  shown  in  Table  1.  Comparison  of 
the  experimental  and  calculated  results  shows 
th<t  't4onation  of  composite  propellants  is  non¬ 
ideal. 


'111.  iMuno-'jui 


{») 


(b) 


Figure  3.  Histories  of  (a)  Pressure  and  (b) 
Reaction  Extent  of  FT-2  Under  Detonation 


DETONATION 

When  a  shock  wave  with  front  pressure 
10.0  OPa  acts  on  FT-1  and  FT-2,  Lagrangian 
gauges  record  the  detonation  process.  In  par¬ 
ticle  velocity  and  pressure  histories  there  is 
one  peak  behind  the  shock  front.  In  Figure  3a 
are  the  pressure  histories  of  l'’T-2.  Based  on 
the  results  of  Lagrangian  gauges,  specific 


Table  /.  Experimental  and  Calculated  Detona¬ 
tion  Velocity  D  and  Detonation  Pressure  P 


Propellant 

Be*p 

(kt^s) 

Doalc 

(km/s) 

Pexp 

(OPa) 

Pcalc 

(GPa) 

FT-1 

6.10 

7.03 

14.6 

23.9 

FT-2 

6.46 

7.70 

16.0 

28.7 
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ANALYSIS 

In  order  to  help  analyze  the  complicated 
process  of  shock  initiation  and  detonation  of 
composite  propellants,  manganin  pressure 
gauges  were  used  to  measure  the  pressure 
histories  individually  fur  the  following  six 
kinds  of  compositions; 

(1)  AP 

(2)  HTPBandthiokol 

(3)  mixture  of  AP  +  A1 

(4)  mixtures  of  AP  +  IITPB  and  AP  + 
thiokol 

(6)  mixtures  of  A1  +  HTPB  and  A1  + 
thiokol 

(6)  FT-landFT-2 
Some  results  arc  shown  in  Figure  4. 


The  result  of  binder  alone  (Figure  4c), 
HTPB  or  thiokol,  shows  that  under  6.0  GPa 
shock  loading  the  reaction  of  the  binder 
continues  near  the  front  so  that  the  pressure  of 
front  is  about  8.0  QPa,  which  anees  with  the 
result  of  numerical  simulation.*^  The  reaction 
of  AP  starts  at  the  shock  front,  but  occurs 
mostly  behind  the  front  (Figure  4a). 

Prom  the  results  of  AP  +  A1  (Figure  4b), 
it  is  found  that  A1  starts  to  react  before  the 
reaction  of  AP  stops.  In  the  mixtures  of  AP 
+  binder  there  arc  two  peaks  similar  to 
those  in  FT-1  and  FT-2  (Figure  4d).  This 
indicates  the  double  peaks  are  the  result  of 
interaction  of  AP  and  binder,  HTPB  or  thiokol. 

Comparison  of  the  results  of  AP  and  the 
mixture  of  AP  +  binder  shows  the  first 


Figure  4.  Pressure  Histories  of  Single  Component  and  Mixtures  of  Two  Components  System, 
a  ■  AP  under  different  shock  loadings, 
h  -  Mixture  of  AP  and  Al  under  6  GPa  shock  loading, 
c  -  IITPH  alone  (curve  t)  mixture  ofllTPIi  and  Al  (curve  2). 
d  -  AP  i-  HTPB  (curve  2)  in  comparison  with  FT-2  (curve  I). 
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peak  of  the  mixture  is  higher  than  the  peak 
of  the  AP  alone  (Figure  4a  and  4d).  This  means 
the  products  of  AP  can  react  with  those  of 
the  binder  because  the  binder  reacts  near  the 
shock  front.  Comparing  the  results  of  the  mix¬ 
ture  of  AP  +  binder  with  that  of  the  com¬ 
posite  propellants,  it  is  found  that  the  two 
peaks  of  the  propellants  are  higher  than  those 
of  the  mixtures  (Figure  4d).  This  shows  the 
reaction  of  Al  with  oxidants  strengthens  the 
two  peaks. 

CONCLUSION 

The  behavior  of  two  commercial 
propellants— binders  of  which  are  thiokol  and 
HTPB,  respectively — dilfers  greatly  with  that 
of  double-base  and  high  energy  modified 
double-base  propellants.  For  these  composite 
propellants,  there  are  two  peaks  behind  the 
shock  wave  front  in  the  histories  of  particle 
velocity,  pressure,  and  others.  The  formation 
of  hot  spots  and  the  ignition  of  composite 
propellants  have  been  modeled  numerically.*^ 

The  reaction  process  of  composite 
propellants  under  shock  loading  proceeds  with 
three  stages.  In  the  first  stage,  binder  and  AP 
react  independently.  Binders  and  AP-air  react 
very  fast  and  they  will  all  react  within  about 
0.1  ps  in  a  ball  of  diameter  within  the  range 
0.06  -  0.1  mm.  The  products  of  AP  also  react 
with  that  of  binders  and  aluminum  powder.  In 
the  first  stage,  the  chemical  reaction  does  not 
have  its  highest  rate  at  the  shock  front,  but 
grows  up  gradually.  This  means  that  the 
reaction  taking  place  beyond  the  shock  front  is 
very  important  for  composite  propellants.  At 
the  end  of  the  first  stage,  under  the  high  shock 
pressure,  the  binder  becomes  a  viscous  liquid 
which  partially  covers  the  AP  crystal  surface. 
The  same  conclusion  was  reached  by  W.  Xu  et 
al.*^  For  this  reason  a  short  reactionless  stage 
intervened.  After  a  time  delay  of  about  1-2 
microseconds  for  transport  processes,  reactions 
resume  and  the  third  stage  proceeds.  At  the 
last  stage,  particle  velocity,  pressure,  and 
reaction  extent  go  up  again  until  the  end. 

With  a  better  physical  model,  a  better 
approach  to  evaluating  the  hazardous  proper¬ 
ties  of  composite  propellants  under  shock  load¬ 
ing  is  possible,  and  the  prevention  of  their 
disastrous  accidents  shall  be  within  sight. 
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DISCUSSION 
PIER  K.  TANG 

Los  Alamos  National  Laboratory 
Los  Alamos,  NM 

I  am  not  surprised  by  the  ptessure  of  the 
second  stage.  The  deisomposition  products  fro;  a 
:.he  first  stage  have  to  mix  together  before  they 
can  r'jact  further.  The  mixing  process  involves 
migration  of  various  components  and  the  rate 
is  very  slow.  In  this  stage,  the  energy 
production  is  practically  zero.  The  binder 
before  melting  acts  as  a  barrier  for  the  mixing 
process.  Can  you  comment  on  this  scenario? 

REPLY  BY  DING  JING 

The  scenario  given  in  this  paper  is  quite 
complicated.  The  existence  of  a  reactionless  or 
a  very  slow  reaction  stage  has  been  shown  by 
the  analysis  of  experimental  results.  However, 
the  detailed  mechanism  of  such  a  stage  is  not 
very  clear  so  far.  There  might  be  a  stage  of 
slow  reaction  in  the  condensed  phase.  It  has 
been  investigated  by  Xu  Wengan  et  al.^^  on  the 
covering  of  molten  binder  (HTPB)  over  AP 
using  X-ray  photo  electron  spectroscopy.  The 
average  covering  amounts  10.9  percent  of  the 
total  surface  for  HTPB  composite  propellant 
under  an  average  pressure  of  40.8  kg/cm^. 
They  also  confirmed  by  their  experimental 
results  that  the  condensed-phase  reaction  of 
AP  actually  exists  in  the  burning  process  of 
AP-based  composite  propellants. 
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DEFORMATION  AND  EXPLOSIVE  PROPERTIES  OP  HMX 
POWDERS  AND  POLYMER  BONDED  EXPLOSIVES 


J.  E.  Field,  M.  A.  Parry*,  S.  J.  P.  Palmer,  and  J.  M.  Huntley 
CavendUh  Laboratory,  Univeraity  of  Cambridge, 
Madingley  Road,  Cambridge  CBS  OHB,  UNITED  KINGDOM 


Techniques  have  been  developed  for  studying  the  behavior  of  explosives 
when  impacted  for  recording  their  strength,  failure,  and  ignition 
properties.  They  include  a  drop-weight  facility  with  transparent 
anvils,  an  instrumented  drop-weight  machine,  a  miniaturised 
Hopkinson  bar  system  for  high  strain  rate  property  measurement,  laser 
speckle  for  studying  the  deformation  and  fracture  of  PBXs,  an 
automated  system  for  analysing  speckle  patterns,  and  heat  sensitive 
film  for  recording  the  positions  and  temperatures  of  "hot  spots." 
Polishing  and  staining  methods  have  been  developed  to  observe  the 
microstructure  of  PBXs  and  failure  during  quasi-static  loading. 
Further  evidence  is  given  of  shear  banding  in  PSTN,  and  the  effect  of 
particle  else  on  the  behavior  of  HMX  during  impact  is  described.  The 
quasi-static  strengths  of  PBX  samples  were  measured  using  the 
Brasilian  test  with  the  strains  recorded  using  laser  speckle 
photography.  Data  is  given  for  five  PBX  compositions. 


INTRODUCTION 

This  paper  describes  the  response  of 
explosives  to  stress  and  impact.  Samples  in  the 
form  of  powder  layers,  pressed  pellets,  and 
polymer  bonded  explosives  (PBXs)  have  been 
studied.  It  is  important  with  all  of  these 
systems  to  understond  the  factors  which  affect 
their  mechanical  erti  thermal  properties  since 
these  influence  the  mechanisms  of  "hot  spot” 
formation  and  the  explosives’  "sensitiveness” 
and  "explosiveness.” 

EXPERIMENTAL 

High  Speed  Photography;  Transparent 
Anvil  Drop-Weight  Apparatus 

Advances  in  the  understanding  of  explo¬ 
sive  phenomena  have  been  greatly  assisted  by 
direct  observation  of  events  using  high-speed 


*Now  at  Materials  Research  Laboratory, 
Ascot  Vale,  Victoria  3032,  Australia. 


photography.  The  ability  to  obtain  both  tem¬ 
poral  and  spatial  resolutions  during  impact  has 
been  particularly  valuable  in  establishing  the 
sequence  of  events.  The  arrangement  used  in 
the  present  work  (Figure  1)  was  originally 
employed  by  Blackwood  and  Bowden^  and  has 
more  recently  been  extensively  used  by 
Heavens,  Field,  Swallowe,  and  others.^'* 
Typically,  26  mg  samples  of  material,  in  the 
form  of  powders,  pressed  discs,  or  PBX 
samples,  are  compressed  between  toughened 
glass  anvils  with  an  impact  velocity  of  typi¬ 
cally  4.6  m  s'^  The  drop  weight  (mass  6  kg) 
which  carries  the  upper  anvil  is  dropped  fl'om  a 
height  of  up  to  1.6  m  and  is  guided  by  three 
rods  to  ensure  a  planar  Impact.  Shortly  before 
contact,  the  mirror  within  the  weight  comes 
into  alignment  to  complete  the  optical  path 
from  the  xenon  flash  light  source,  through  to 
the  high-speed  camera.  The  AWRE  C4  rotat¬ 
ing  mirror  camera,  is  of  the  continuous  access 
variety  so  that  synchronization  is  not  required. 
The  full  length  of  film  (140  frames)  is  scanned 
in  approximately  1  ms  so  that  the  duration  of 
the  flash  also  functions  as  a  shutter. 
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Figure  L  A  Cross  Section  of  the  C4  Drop- 
Weight  System,  W  is  the  weight,  M  a  mirror, 
and  O  the  toughened  glass  anvils  with  S  the 
specimen. 


W 


H 


Figure  2.  Instrumented  Drop  Weight.  W  is  the 
weight:  A  the  anvil;  Rj,  R2,  and  R3  the  steel 
rollers,  the  lowest  being  the  load  cell  having 
strain  gauges  0;  and  D  the  light  detector. 


Field  et  determined  that  the  initia¬ 
tion  of  explosive  samples  usually  occurs  after 
rapid  radial  flow  (greater  than  ca.  100  m  s‘M 
unless  sensitizing  grits  are  present.  Valuable 
data  which  can  be  extracted  from  the  photo¬ 
graphs  is,  therefore,  the  radius  as  a  Ainction  of 
time  and,  thereby,  the  velocity  an  a  function  of 
time.  Rapid  flow  can  occur  as  a  result  of 
mechanical  failure  of  the  sample  but  while  this 
may  be  true  in  some  cases,  it  is  not  a  necessary 
precursor.  If  the  material  is  sufficiently  weak 
that  it  generates  negligible  retardation  to  the 
falling  weight  and  deforms  at  constant  volume, 
then  high  radial  velocities  are  a  natural 
outcome.  In  addition  to  the  bulk  plastic 
behavior,  other  physical  processes  such  as 
fracture,  jetting,  bulk  plastic  flow,  localized 
adiabatic  shear,  molting,  and  elastic  recovery 
can  be  observed  under  favorable  conditions. 
Explosive  reaction  is  visible  since  it  is  self- 
luminous.  Although  photographs  present  a 
largo  amount  of  Information,  they  cannot 
usually  tell  the  whole  story  without  corrobo¬ 
rative  evidence  from  other  sources  such  as 
dynamic  stress  measurement. 

Instrumented  Drop-Weight  Apparatus 

A  second  drop-weight  machine  is  avail¬ 
able  with  instrumented  steel  anvils  (Figure  2). 
The  system  rests  on  a  largo  blacksmith's  anvil, 
which  provides  an  almost  ideal  rigid  support 
for  a  small  load  cell  which  measures  the  impact 


force.  The  cell  is  of  in-house  design  being  made 
from  a  12.7  mm  x  12.7  mm  stool  bearing  roller 
with  two  pairs  of  strain  gauges  flxed  axially  on 
opposite  sides  of  the  roller  which  has  four  flats 
machined  on  it.  An  impact  cell  is  formed  by  two 
further  rollers  stacked  on  top  of  the  load  cell, 
and  samples  are  placed  between  this  pair,  the 
whole  arrangement  being  impacted  by  a 
weight  of2.6,  or  4.7  kg, 

The  dynamics  of  the  system  have  been 
described  in  detail  earlier, but  a  comparison 
with  the  behavior  of  a  direct  impact  Hopkinson 
bar  (next  subsection)  is  illuminating.  Unlike 
the  Hopkinson  bar,  the  dynamics  of  the  drop 
weight  system  do  not  require  explicit  account 
to  be  taken  of  stress  wave  propagation.  The 
pressure  bar  in  the  smallest  of  our 
miniaturized  Hopkinson  apparatuses  is  made 
deliberately  long  at  160  mm,  so  that  a  stress 
wave  can  be  observed  without  interference 
from  reflections.  The  drop-weight  load  cell  is 
much  shorter,  being  26  mm  including  the 
protective  roller  on  top  of  it,  but  the  timescale 
over  which  it  operates  is  400  ps  compared  with 
16  ps  for  the  pressure  bar.  Consequently,  there 
are  many  stress  wave  reflections  in  the  load 
cell  and  its  behavior  is  therefore  quasi-static. 

A  further  facility  which  is  used  with  26  mg 
samples  when  initiation  is  expected  is  the 
detection  of  electrical  conductivity  between  the 
anvils.  This  can  detect  ionized  gas  and  pin¬ 
point  the  initiation  of  explosion.  Alternatively, 
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(1) 


ignition  is  detected  by  monitoring  light  output 
with  a  photo-cell. 

Miniaturized  Hopkinson  Bar 

In  a  conventional  Hopkinson  bar  system 
(see,  for  example,  Reference  10),  the  specimen 
is  placed  between  two  long,  cylindrical  rods.  A 
stress  pulse  is  then  sent  down  the  input  bar, 
and  gauges  record  incident,  reflected,  and 
transmitted  waves.  From  these  records,  it  is 
possible  to  obtain  stross/strain  behavior  of  the 
specimen  at  strain  rates  of  ca.  10^  s'^  A  few 
years  ago,  Qorham*’  developed  a  direct  impact 
(no  input  tsar)  miniaturized  system.  Initially,  a 
high-speed  camera  was  used  to  measure  strains, 
but  this  is  not  essential  and  stress  strain  curves 
can  bo  obtained  from  the  gauge  records  on  the 
output  bar  following  an  analysis  given  by  Pope 
and  Field. The  advantages  of  the  new 
apparatus  are  that  strain  rates  up  to  ca.  10^  s'^ 
can  be  achieved  and  high  stren^h  specimens 
investigated.  Results  on  a  range  of  PBXs  were 
presented  at  the  last  Detonation  Symposium.^ 

Brazilian  Test  and  Laser  Speckle  for 
Tensile  Strengths  and  Strains  to  Failure 

The  Brazilian  test  geometry  (Figure  3) 
and  laser  speckle  photography  have  been  used 
to  study  the  tensile  strengths  and  rupture 
strains  of  a  variety  of  PBX  compositions  at 
strain  rales  of  ca.  10'^  s''*. 

The  compression  induces  tensile  stresses 
normal  to  the  loading  axis  which  are  sensibly 
constant  over  a  region  about  the  center  of  a 
specimen,  The  tensile  strength  of  the  material 
is  then  calculated  from 


Figure  3.  Loading  Arrangement  Used  in 
Brazilian  Teat 


o^=2P/nDt, 

in  which  P  is  the  failure  load,  and  D  and  t 
the  diameter  and  thickness  of  the  specimen, 
respectively.  The  validity  of  Equation  1  is 
based  on  the  assumptions  that  failure  occurs  at 
the  point  of  maximum  tensile  stress  (i.e.,  at  the 
center),  and  that  the  compressive  stress  has  no 
influence  on  the  failure.  In  practice,  the  use  of 
plane  anvils  can  produce  very  high  contact 
stresses  at  the  loading  points,  and  lead  to  the 
collapse  of  the  contact  edge.  Awqji  and  Sato*^ 
have  shown  that  by  using  curved  anvils, 
collapse  of  the  edge  can  be  avoided,  and  shear 
stresses  under  the  points  of  loading  may  be 
substantially  reduced.  If  the  ratio  of  the 
contact  half-width,  b,  to  the  disc  radius,  R,  is 
larger  than  approximately  0.27,  the  maximum 
principal  stresses  near  the  contact  area  are 
compressive.  Then  the  tensile  stress  at  the 
center  is  given  by 

o^*  =  {l -(b/RlVf  (2) 

Other  workors^^  ’^  using  the  Brazilian 
test  geometry  have  employed  displacement 
transducers  to  measure  the  average  tensile 
strain  across  a  diameter.  However,  the  use  of  a 
relatively  simple  optical  technique  called 
"speckle  photography"  allows  in-plane  displace¬ 
ments  to  be  measured  to  an  accuracy  of  ca.  0.1 
pm  at  different  positions  on  the  sample 
surface,  and  thereby  determine  the  strain  field 
at  any  point.  *'^’**’  There  is  the  added  advantage 
that  it  is  a  remote  sensing  technique  which 
does  not  involve  attaching  gauges  to  the 
sample.  For  displacement  and  strain  measure¬ 
ments,  a  double  exposure  is  photographically 
recorded  before  and  after  deformation. 
Displacement  Information  can  be  extracted  by 
allowing  an  unexpanded  laser  beam  to  pass 
through  the  negative.  If,  at  the  point 
illuminatod  the  "speckles"  have  been  displaced 
between  exposures,  the  displacement  vector  is 
manifested  by  a  Young’s  fringe  pattern 
observed  at  the  far-fleld  Fraunhofer  diffraction 
plane.  The  displacement  vector  is  perpendi¬ 
cular  to  the  fringe  orientation  with  magnitude 
inversely  proportional  to  the  fringe  spacing. 
Complete  analysis  involves  many  measure¬ 
ments,  and  becomes  tedious  when  performed 
manually.  For  this  reason,  a  fully  automatic 
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electro-optical  system  for  measuring  the  dis¬ 
placement  field  from  a  double  exposure  speckle 
photograph  has  been  constructed.*^  With  the 
present  system  the  computation  time  per  fringe 
pattern  is  under  10  s,  giving  a  total  analysis 
time  per  photograph  of  typically  30  -  40  minutes. 

Heat  Sensitive  Film  Technique 

The  technique  used  in  this  work  was  first 
suggested  by  Coffey  and  Jacobs,^**  It  is  based 
on  the  use  of  an  acetate  sheet  coated  with  a 
sensitive  layer  which  darkens  on  exposure  to 
heat.  For  very  short  duration  heat  pulses 
(<10'^  s)  the  film  color  is  yellowish-brown 
rather  than  black,  and  the  degree  of  darken¬ 
ing  increases  as  the  contact  time  is  increased, 
until  the  film  is  fully  blackened.  The  color¬ 
ation  is  believed  to  be  due  to  the  reaction  in  the 
sensitive  layer  being  unable  to  go  to  comple¬ 
tion  in  the  time  available.  Film  darkening  is  a 
function  of  both  temperature  and  time,  so  to 
use  the  film  to  estimate  the  temperature 
achieved  during  deformation,  one  must  know 
the  time  over  which  the  deformation  occurred, 
and  then  refer  to  a  set  of  calibration  curves 
(darkening  as  a  function  of  time  and  temper¬ 
ature)  for  the  film,  Details  of  how  the  film  has 
been  calibrated  can  be  found  in  Reference  21. 

To  use  the  calibration  to  obtain  a 
temperature  in  an  impact  experiment,  it  was 
necessary  to  moasure  the  time  during  which 
the  darkening  took  place.  These  measure¬ 
ments  were  made  by  using  the  transparent 
anvil  arrangement  described  above.  Experi¬ 
ments  were  carried  out  by  placing  the  film  on 
the  glass  anvils  with  the  sensitive  side  in 
contact  with  the  sample.  Results  giving  the 
temperatures  achieved  during  the  defor¬ 
mation,  shear  banding,  and  fracture  of  a  range 
of  polymers  can  be  found  in  Reference  21 . 

Miorostruoture  and  Fracture  Paths  in 
PBXs 

Polishing  and  staining  techniques  have 
recently  boon  dovoloped  to  study  the  relation¬ 
ship  between  the  microstructure  of  polymer- 
bonded  explosives  and  their  fracture  routes 
when  broken  in  the  Brazilian  test  under  quasi- 
static  conditions.  A  post-failure  examination 


of  the  fracture  route  through  the  micro¬ 
structure  provides  a  valuable  insight  into  the 
fracture  mechanisms.  It  is  not,  however, 
usually  possible  to  determine  where  failures 
initiated,  or  the  order  in  which  events  occur 
during  crack  propagation.  A  technique  has 
therefore  been  developed  using  a  computer 
operated  camera  (Olympus  OM2  with  motor 
drive),  attached  to  a  microscope  stage  to  record 
photographic  sequences  of  the  microstructure 
at  the  center  of  a  sample  during  a  Brazilian 
test. 

RESULTS 

Drop-Weight  Impact  on  PETN;  Further 
Evidence  for  Ignition  hy  Adiabatlo  Shear 

Drop-weight  impact,  using  the  trans¬ 
parent  anvil,  and  instrumented  apparatus 
(Figures  1  and  2)  was  first  used  by  Heavens 
and  Field  in  the  early  1970s.^*^  They  showed 
that  thin  layers  exhibited  fracture,  compac¬ 
tion,  sintering,  plastic  flow  at  high  velocities. 
Jetting,  melting,  and  ignition  in  the  glass  anvil 
apparatus.  Banded  structures  which  became 
visible  in  some  sequences,  with  both  PETN  and 
RDX,  wore  Interpreted,  we  now  think  wrongly, 
as  ripplos  caused  by  jetting.  The  evidence  on 
this  point  was  re-interpreted  by  Field  et  al.^ 
and  evidence  was  presented  to  show  that  the 
features  were  shear  bands;  a  mechanism  for 
hot-spot  production  and  ignition  which  had 
been  suggested  by  Winter  and  Field  for  other 
explosives  in  1975.^^  At  the  last  Detonation 
Symposium,  photographic  evidence  was  presen¬ 
ted  of  adiabatic  banding  in  PBXs  and  PETN.^ 

Figure  4  shows  the  result  of  an  experi¬ 
ment  when  the  heat  sensitive  film  was  used. 
The  original  is  in  color,  but  the  black  and  white 
reproduction  shows  the  key  features.  Where 
there  has  been  fast  reaction  the  products  have 
removed  much  of  the  heat-sensitive  layer,  but 
at  the  top  of  the  picture  whore  the  film 
remains,  it  is  a  deep  orange-brown,  In  the 
lower  part  of  the  film  there  is  a  great  arc  of 
banding,  and  where  the  heat  sensitive  layer 
remains  attached,  it  varies  from  light  brown  to 
almost  black,  all  indicative  of  high  tempera¬ 
tures.  The  ignition  also  clearly  starts  from  the 
region  where  the  bands  are  located.  Figure  6 
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Table  I 


Figure  4,  Heat  Senalliue  Film  Record  of  an 
Impact  on  PETN,  Original  in  color.  Clear 
evidence  of  shear  banding  and  associated 
ignition. 


Figure  5,  Shear  Handing  in  PKTN  After 
Impact,  Where  Ignition  Failed  to  Occur 


showB  un  impacl  from  a  Hubcrltical  height 
onto  a  PKTN  layer.  It  shows  the  families  of 
shear  bunds  particularly  well  in  part  of  the 
unexploded  layer. 


Type 

Comments 

Particle 

size 

range/ 

pm 

Median 

particle 

size/pm 

A 

Granular  powder 
produced  by 
recrystallization 
from  cyclohexunol. 

too  to 
1000 

480 

U 

Fine  powder 
produced  by 
colloid  milling  of 
type  A.  Birnodal 
distribution. 

2  to  130 

28.6 

TC/14 

Micronized  by 
iluid  energy 
milling  of  typo  A. 

2  to  180 

20 

TC/I3 

2  to  36 

10 

TC/12 

H 

2  to  29 

6.4 

Drop-weight  Impact  on  HMX  of  Different 
Particle  Sixes 

The  IlMX  was  provided  by  AWUE  and 
Table  I  gives  details. 

IHxperlmenta  with  Heat-Seneitive 
Film.  The  tIMX  samples  were  impacted  using 
12  mm  discs  of  heat-sensitive  film  (liSF)  on  the 
tower  roller  of  the  steel  anvil  apparatus,  with 
the  emulsion  side  of  the  film  against  the 
explosive.  A  range  of  drop-heights  were  used, 
and  the  Hsu’b  determined  for  the  HMX  sampleu 
in  the  presence  of  IlSF,  These  Hso’s  were  in 
fact  higher  than  the  Hso’s  with  bare  anvils. 
The  desensitladng  effect  of  the  IISF  is  thought 
to  be  due  to  the  increased  friction  which 
decreases  the  velocity  and  extent  of  rapid  flow. 

Figure  6  shows  two  IISF  discs  viewed  in 
silhouette,  and  also  the  extent  of  flow  of  the 
HMX  (dashed  line).  The  sample  originally 
occupied  an  area  similar  to  that  of  the 
discolored  region.  The  extent  of  radial  flow  of 
the  sample  with  HSF  was  less  than  when  bare 
metal  anvils  were  used.  Presumably  this  was 
due  to  increased  friction  between  the  explosive 
and  the  IISF.  The  band-like  character  of  the 
heat  output  during  the  impact  experiment  is 
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Figure  6.  Two  Recovered  Discs  of  Heat- 
Sensitive  Film  (HSF),  The  explosive  has  been 
removed;  (a)  The  area  that  the  HMX  occupied 
after  impact  is  indicated.  The  discoloration  of 
the  H8F  appears  as  a  pattern  of  both  radial  and 
parallel  lines.  The  sample  originally  covered 
an  area  similar  to  the  discolored  area,  ( b)  Par¬ 
tial  reaction  has  occurred  and  part  of  the  HSF 
disc  has  been  consumed,  but  the  band-like  pat¬ 
tern  is  still  apparent  near  the  center  of  the  disc, 

evident  in  Figure  6at  and  can  ytill  be  detected 
in  Figure  6b,  even  though  partial  ignition  and 
propagation  of  the  oxploBivu  had  occurred. 

Figure  7  ia  an  HSF  disc  viewed  by 
reflected  light.  Note,  the  original  photograph 
was  In  colorl  The  patterns  on  the  recovered 
HSF  disc  consists  of  families  of  approximately 
parallel  lines,  some  of  which  bifurcate,  and 
which  are  characteristic  of  shear  bands.  The 
figure  shows  that  black  (very  hot)  areas  also 
occur  at  the  junction  of  some  linos  (labeled  C). 
Figure  8  shows  failure  patterns  in  HMX  which 
has  remained  on  the  steel  rollers  after  impacts 
from  sub-critical  heights,  Figure  8u  shows  the 
HMX  after  a  test  with  HSF  and  reveals  the 
close  resemblance  between  lines  on  the  HSF  and 
failure  in  the  explosive.  This  typo  of  failure 
pattern  was  also  observed  during  impact  of 
HMX  with  bare  metal  rollers.  Figure  8b  is  a 
clear  example  of  shear  bands  in  an  impacted 
layer  of  HMX.  The  conclusion  is  that  HMX 
fails  by  shear  bunding  in  these  experiments 
and  that  these  shear  bands  are  the  hot-spot 
sites  which  cause  ignition. 

High  Speed  Photography.  Heavens 
and  Field'^’^  showed  that  HMX  compacted, 
jetted,  flowed  plastically,  and  Ignited,  but 
unlike  PETN  and  RDX  did  not  sinter  and  molt. 
Although  the  propagation  rate  in  HMX  was 
high,  combustion  was  invariably  incomplete  in 


Figure  7,  IISF  Recovered  after  Impact  ofllMX 
Showing  Branching  of  the  Shear  Bands  and 
Discoloration  Where  Branching  Occurs. 
Original  in  color. 

the  drop-weight  experiments.  This  type  of 
behavior  was  found  in  the  present  work,  with 
the  residue  varying  considerably.  All  the 
experiments  were  from  aim  drop-height  onto 
25  mg  powdered  layers. 

Figure  9  is  for  typo  A  HMX  and  is  typical 
of  all  impacts  on  this  course  material  (Table  1) 
whore  Ignition  took  place.  The  small,  slightly 
darker  region  which  is  just  visible  near  the 
center  in  most  of  the  frames  is  due  to 
overwriting  as  the  c.-imora  mirror  comes  into 
position  again.  All  the  stages  listed  above  are 
clearly  shown.  Ignition  occurred  on  rebound 
after  a  short  plateau  region  and  is  a  perfect 
example  of  what  wo  classify  as  a  "widespread” 
ignition  from  a  multitude  of  sites.  The  finer 
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Figure  8.  Photographs  of  Explosive  Remaining 
on  Hardened  Steel  Rollers  after  Impact,  (a)  is 
from  a  test  with  HSF.  Notice  the  lines  in  the 
disc  resemble  the  failure  pattern  in  the 
explosive,  (b)  was  obtained  during  impacts 
with  bare  metal  rollers  and  shows  a  band-like 
failure  pattern. 


rm. 


Figure  9.  Impact  on  Type  A  HMX,  Widespread 
Ignition  With  Rapid  Flow  (Maximum  Velocity 
240  m  s'^).  Framing  intervals  6.5  ps,  field  of 
view  20  mm. 


grain  sampleB  all  exhibited  "local”  ignitions. 
Figure  10  is  an  example  for  TC/12  HMX 
(Table  1)  where  it  took  place  during  the  initial 
rapid  flow  stage.  The  initial  propagation  in 
frame  42  is  very  similar  to  the  patterns  found 
on  the  heat-sensitive  film  (Figures  6-8). 
Figure  11  is  for  type  B  HMX  (Table  1)  and 
contains  some  interesting  extra  features. 
Local  ignition  occurs  during  the  rapid  flow 


Figure  10.  Impact  on  Fine  Grain  HMX 
(TCI12).  Local  ignition  during  rapid  flow 
(maximum  velocity  240  m  s‘0>  framing  interval 
7  ps,  field  of  view  20  mm. 

stage  at  a  group  of  small  sites  (three  white 
dots)  in  frame  48.  But  these  fade  and 
extinguish  (frames  48-54).  Local  ignition  at  a 
new  site  eventually  takes  over.  Enlarged  views 
of  frames  48,  49,  and  54  are  shown  in  Fig¬ 
ure  12.  Note  that  the  structure  of  the  main  hot 
spot  is  reminiscent  of  the  patterns  on  the  HSF. 
Finally,  the  banded  structure  which  influences 
the  propagation  so  strongly  in  frame  57  also 
suggests  the  presence  of  shear  bands  in  the 
deforming  HMX. 

Explosiveness,  Propagation;  Depend¬ 
ence  on  Particle  Size.  Damage  to  the  surface 
of  the  glass  anvils  after  impact  depended  on 
the  particle  size  of  HMX  used,  and  only 
occurred  when  there  was  an  explosive  reac¬ 
tion.  The  area  of  damage  for  coarse  HMX  was 
larger  than  for  flne  HMX,  although  there  was 
overlap.  The  high-speed  photographic  records 
also  showed  that  the  propagation  of  reaction 
was  higher  in  coarser  material.  This  fits  in 
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Figure  11.  Type  li  IIMX.  Maximum  uelocity  of 
IHB  m  s‘^,  The  firet  local  ignition  seen  in  frame 
48  fades,  A  local  ignition  which  propagates 
starts  in  frame  54,  Note  the  banded  appearance 
in  frame  57.  Framing  interval  7 ps,  field  of  oieu) 
20  mm. 

with  LAHSKT  data  (the  AWK  teat  for 
"explosivonoBs”)  on  the  PBXs  that  we  have 
tested.  The  liABSMT  figure  is  usually  higher  if 
it  contains  courser  material  compared  to 
microniisod  crystals. 

Cross  sections  of  impacted  layers  which 
did  not  ignite  show  a  denser  compacted 
material  with  fine  powders  and  an  open 
structure  with  coarser  material.  'Phu  burning 
front  clearly  propagates  more  readily  through 
a  compacted  layer  of  coarser  material.  See,  for 
example,  Figure  9  with  its  "widespread”  igni¬ 
tion  and  propagation.  For  finer  material  (see, 
for  example,  Figures  10  and  II)  there  is 
propagation  from  "local”  sites  along  a  few 
channels.  A  second  factor  which  assists  more 
rapid  propagation  through  a  compacted  layer 
with  larger  particles  is  the  higher  heat 
conduction.  The  mure  frequent  grain  bound¬ 
aries  with  compacted  fine-grain  crystals  lower 


Figure  12.  Enlarged  View  of  Frames  48,  49, 
and  54  of  Figure  It.  Frame  1  is  1)37  ps  after 
first  contact, 

the  bulk  conductivity.  We  have  measured  the 
thermal  conductivity  of  pressed  powdered 
layers;  the  value  for  coarse  IIMX  was  twice 
that  of  micronized  IIMX. 

QuaahSiatie  Strengths  and  Strains  to 
Failure  of  Some  PRXs 

Samples  from  five  different  PBX  com¬ 
positions  in  the  form  of  discs  6.36  mm  in 
diameter  by  2.0  mm  thick  (Table  2)  were  used 
to  measure  the  quasi-static  strengths  and 
strains  to  failure,  at  a  strain  rate  of  10"^  s  ', 
with  the  laser  speckle  technique. 

Typically  ten  samples  were  tested  for 
each  material.  There  is  only  space  to  illustrate 
one  set  of  data  (Figure  13)  and  to  discuss  the 
results  briefly. 

Stress  Versus  Time  IBot.  Of  the  five 
materials  tested,  compositions  PBX  0298  and 
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Table  2.  Details  ofPBX  Compositions 


CompoBlUun 

Cunstiluunl 

Weight 

•*> 

— 

Tensile 

strength 

/MP. 

P'racture 

Strain 

/millistruin 

PBX  9S01 

HMX 

95.0 

KSTANK 

2.60 

0.78  10.1 

3.92 

BDNPA 

1.26 

BDNPK 

1.26 

l>UX  9602 

TATB 

96.0 

KEL  P 

6.0 

3.23  ±0.1 

2.91 

PBX  0298 

HMX 

97.60 

Krulun 

1.126 

1.0610.1 

11.20 

Oil 

1.376 

PBX  0407 

TATB 

09.8 

PKTN 

26.0 

KELP 

6.0 

4.1210.3 

3.03 

Dyu 

0.20 

PBX  0344 

TATB 

71.26 

HMX 

23.76 

4.1710.4 

1.70 

KEI.P 

6.0 

■TRBIt  BTRAIN  PBX  0344 


9601  showed  Iho  lowest  tensile  strengths, 
failing  at  a  stress  of  1  MPa  or  less.  Both 
materials  behaved  in  a  rather  ductile  manner. 
However,  the  strains  to  faiiure  were  very 
different  since  PBX  0298  fails  at  about 
1  percent  strain,  while  PBX  9601  failed  at  less 


than  half  this  value.  The  remaining  three 
materials,  PBX  0344,  0407,  and  9502, 
exhibited  very  similar  tensile  strengths, 
particularly  0407  and  0344.  The  stress-strain 
curves  for  these  materials  (an  example  is  given 
in  Figure  13)  show  a  much  more  brittle 
behavior.  Although  the  tensile  strengths  of 
0344  and  0407  are  very  close,  the  failure  strain 
of  0344  is  significantly  smaller  than  0407.  If 
the  tensile  strengths  of  0407  and  9602  are 
compared,  together  with  their  compositions,  it 
appears  that  the  replacement  of  TATB  (IHK) 
by  a  TATB/PETN  mixture,  significantly 
increases  the  tensile  strength  of  the  composite 
without  affecting  its  strain  to  failure. 
Replacing  TATB  by  a  TATB/HMX  mixture  (as 
in  0344)  also  increases  the  tensile  strength  by 
a  similar  amount,  although  the  strain  to 
failure  is  reduced.  This  may  be  due  to  the 
HMX  component,  as  this  is  a  weaker  and  more 
brittle  crystal  than  PETN,  and  may  be  mure 
suscoptible  to  fracture  as  a  result  of 
deformation  twinning.^^  Since  neither  of  the 
two  weakest  materials  contained  the  KEL-F 
binder,  it  is  nut  possible  to  ascertain  the 
influence  of  the  binder  on  the  mechanical 
properties  of  the  composites.  Consequently,  it 
may  be  the  large  volume  fractions  of  1 1  MX,  or 
the  replacement  binders,  that  are  responsible 
fur  the  low  tensile  strengths  of  0298  and  9501 . 

Fracture  Paths.  Figure  14  is  an 
example  of  a  fracture  path  in  PBX  9601.  The 
sample  was  stressed  in  the  Braidlian  geometry 
(Figure  3).  In  this  case  there  is  little  or  no 
evidence  of  crystal  fracture  except  at  the 
bottom  left  of  the  picture.  'I'ho  most  striking 
feature  is  the  amount  of  interfacial  failure 
with  the  fracture  path  predominantly  follow¬ 
ing  the  boundaries  of  crystais. 

An  example  of  time  lapse  photography  is 
given  in  Figure  16  for  PBX  X-0298  again 
loaded  in  the  Brazilian  test.  This  sample  failed 
at  a  load  of  1 .64  kgf  corresponding  to  u  tensile 
stress  of  1 .28  MPa  at  a  time  of  1 67  s  after  start 
of  loading  (t  »  10'^  s  *).  The  frames  were 
recorded  at  8  s  intervals.  Failure  started  at 
three  separate  sites  (arrowed  in  frame  (a)).  Note 
that  the  upper  failure  propagated  through  two 
crystals  while  the  lower  failures  propagated 
along  crystal  boundaries  and  through  the 
matrix.  By  frame  (d)  a  continuous  fracture 
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Figure  14,  The  Fracture  Path  in  PBX  9501 

path  had  developed.  The  value  of  the  time- 
lapse  photography  is  that  it  shows  that 
multiple  nucleation  sites  can  be  involved  and 
that  tears  in  the  binder  can  initiate  interfacial 
debonding,  as  well  as  crystal  fracture. 
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Figure  IS,  A  Time  Lapse  Photographic 
Sequence  for  PBX  X-0298 
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The  physical  and  chemical  response  of  TATB^  HMX,  and  AP  to 
underwater  shock,  impact,  hi^h  rate  shear,  and  beam  irradiation  have 
been  investigated.  The  initiating  stimulus  was  held  to  sub-ignition 
levels  to  assure  the  maximum  effect  without  consuming  the  sample, 
The  products  observed  were  identical  to  those  observed  by  thermal 
decomposition  and  were  independent  of  the  extent  decomposition.  New 
products  in  the  solid  residue  of  damaged  AP  and  nitramines  have  been 
detected.  Physical  evidence  of  extinguished  hot  spots,  surrounded  by 
partial  decomposition  products  of  increased  sensitivity,  has  been 
observed  in  shocked  explosives, 


INTRODUCTION 

Our  report  in  the  IuhI  detonation  ayin- 
puttium  di»cuB»ed  the  initiai  reaction  products 
observed  for  several  materiuls.^  The  current 
report  will  concentrate  specincully  on  TATB, 
the  nitramines  IIMX  and  RDX,  and  the  oxi¬ 
dizer  Ammonium  Perchlorate,  (AP).  The 
driving  force  of  our  investigations  is  a  funda¬ 
mental  understanding  of  the  initial  chemical 
and  physical  response  of  energetic  materials 
to  stimuli  leading  to  sustained  detonation. 

Por  this  study,  TATB,  the  nitramines 
MMX  and  RDX,  and  the  oxidizer  AP  were 
driven  close  to  the  threshold  of  ignition  by 
different  stimuli  such  as  shock,  impact,  high 
rate  shear,  or  irradiation.  The  recovered  sam¬ 
ples  were  analyzed  by  x-ray  photoelectron 
spectroscopy  (XPS),  and  scanning  electron 
microscopy  (SEM).  The  surface  specific 
chemical  information  obtained  from  XPS  gives 
an  advantage  of  at  least  a  thousand  compared 


to  bulk  analytical  techniques  (i.e.,  chroma¬ 
tography).^  We  attribute  much  of  this  advan¬ 
tage  to  the  fact  that  reactions  seem  to  be 
localized  on  the  surfaces  of  the  particles  where 
friction  and  heating  are  concentrated. 

The  importance  of  this  work  goes  well 
beyond  fundamental  curiosity.  In  most  cases 
the  reaction  products  which  result  from  par¬ 
tial  decomposition  of  energetic  materials  are 
more  sensitive  to  impact  or  shock  initiation 
than  the  parent  material.^  Even  though  the 
concentrations  of  those  products  are  very 
small  - 10  '^  percent)^  their  existence  poses 
a  safety  hazard.  In  addition,  identification  of 
the  first  stops  of  reaction  will  answer  such 
questions  as  which  bond  is  the  first  to  break, 
and  whether  the  first  reaction  is  inter-  or 
intramolecular. 

EXPERIMENTAL 

For  studying  the  effects  of  shock,  the 
aquarium  tost  of  Liddiard’’  was  used,  where  a 
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ahock  of  4-10  kbars  with  the  duration  of  a  few 
microseconds  was  given  to  the  explosive.  The 
surviving  samples  were  recovered  and 
analyzed.  For  the  study  of  impact,  a  10  Kg 
drop  test  machine'*  was  used,  in  which  the 
sample  was  sandwiched  between  sheets  of 
heat  sensitive  film.  When  necessary,  the 
effects  of  friction  are  augmented  by  adding 
sand  to  the  explosive.  The  effect  of  high  rate 
shear  was  studied  by  using  an  actuator,  which 
pushes  a  plug  of  polyethylene  at  a  pressure  of 
about  10  kbars  through  a  layer  of  explosive  at 
60  m/sGc.  The  elTect  of  irradiation  was  studied 
by  soft  x-ray  (15  KV,  12  mu)  and  pulsed 
particle  beams. 

X-ray  photoelectron  spectroscopic  study 
of  the  recovered  samples  was  curried  out  in  a 
Kratos  ES-300  instrument  described  earlier.* 
Fine  particulate  debris  from  the  recovered 
samples  was  mounted  on  Duco  cement  then 
decorated  with  gold  for  analysis  in  an  AMK 
lOOOA  scanning  electron  microscope. 

RESULTS 

'I'ATB 

As  has  been  reported  earlier,**  the  initial 
reaction  products  of  TATU  are  furoxan  and 
furazun  derivatives  of  TATU.  The  physical 
nature  of  such  decomposition  products  was 
determined  by  SKM.  Figure  1  shows  the 
formation  of  spherical  deposits  close  to  the 
edges  of  the  crystallographic  planes  of  TATH. 
In  many  cases,  the  damage  was  characterized 
by  small  holes  ("“O.b  x  10"  m)  in  the  crystal 
planes,  with  products  deposited  all  around. 
The  new  products  appear  as  beady  deposits  on 
the  planar  structure  of  the  parent  TATB.  The 
interpretation  is  that  a  hot  spot  initiated,  but 
reaction  died  out  prior  to  consumption  of  the 
bulk  material.  TATB  pyrolyzed  by  beam 
irradiation  showed  products  with  morphologi¬ 
cal  structure  (Figure  2)  and  chemical 
composition  similar  to  those  observed  in  the 
shocked  or  impacted  .samples. 

Nitramines  HMX  and  UDX 

Fur  the  first  time,  reaction  products  in  the 
solid  residue  of  shocked  IIMX  have  been  detec¬ 
ted.  Recent  experiments  with  MMX  and  RDX 
have  generated  samples,  subjected  to  shock 


Figure  /.  Spherical  Deposits  of  TATH 
Decomposition  Products  Located  About 
Quenched  Hot  Spots 


Figure  2.  Residue  of  Pyrolyzed  TATH  Shows 
Similar  Morphology  and  Chemistry  as  the 
Products  Developed  in  Shocked  TATH 
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and  rapid  beam  heating,  that  demonstrate  the 
presence  of  partial  decomposition  products. 

Underwater  Shock.  HMX  recovered 
from  underwater  shock  of  4.1  kbur  suffered 
nitro  group  loss  observed  as  a  decrease  in 
intensity  from  the  nitro  peak  in  the  XPS  N(ls) 
spectrum  (Figure  3).  Nitroso  and  triasine-like 
nitrogen  chemistries  were  also  observed  in  the 
Nds)  XPS  spectra  of  shocked  MMX.  These 
chemical  states  of  nitrogen  were  idontiiled  by 
comparison  with  Nds)  binding  energies 
obtained  from  trinitroso  RDX  and  s-Triazine. 
Nitroso  groups  appear  1 .4  eV  above  the  peak 
from  the  amines  in  HMX  while  triazine 
appeared  1 ,8  eV  below  this  same  peak. 

Electron  microscopic  analysis  of  the 
shocked  MMX  demonstrated  a  significant 
change  in  the  morphology  when  compared  to 
the  starting  pressed  pellot  (Figure  4).  The 
micrographs  of  the  pressed  pellet  indicate  a 
large  degree  of  included  porosity  presumably 
from  residual  voids.  Following  the  passage  of 
the  shock  wave  through  the  material  the 
porosity  is  lost.  The  exact  mechanism 
involved  in  this  transformation  is  uncertain. 


Figure  .1.  Comparison  of  N( Is)  XPS  Spectra 
from  Shocked  and  Control  HMX.  Shocked 
HMX  has  lost  intensity  from  the  nitro  peak 
(407.3  eV)  and  shoivs  the  deuelopment  of  new 
nitrogen  chemistries. 


Figure  4.  Electron  Micrographs  of  a)  Pressed 
HMX  Before  Shock,  (2000  x):  and  b)  Pressed 
HMX  After  4.1  kbar  Underwater  Shock, 
(5000  x). 
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The  relatively  long  duration  of  the  under¬ 
water  shock  may  favor  such  a  transformation 
while  not  depositing  enough  instantaneous 
energy  to  initiate  detonation. 

Beam  Irradiation  Pyroiysis.  Rapid 
heating  of  HMX  by  beam  irradiation  produced 
a  fused  mass  of  materia)  fllled  with  bubbles. 
The  HMX  begun  us  pellets  which  flowed  and 
consolidated  during  heating  without 
initiating  (Figure  6).  X-ray  diiTraction  anal¬ 
ysis  of  the  pyroly^ed  sample  indicated  that  the 
material  had  been  completely  converted  to  the 
b-phase.^  This  result  indicates  that  the 
temperature  during  irradiation  was  at  least 
167-183°C,  the  temperature  of  the  (1  6  phase 

change.'^  Consolidation  of  the  pellets  suggests 
that  the  temperature  was  even  higher 
approaching  the  melting  point  of  275’’C.  The 
highly  porous  nature  of  the  resulting  material 
is  presumably  due  to  gas  generation  by 
decomposition.  XPS  analysis  of  these  samples 


Figure  5.  Maea  of  HMX  Resulting  From 
Liquefaction  During  Beam  Heating.  Bubbles 
in  the  material  suggest  deuelopment  of  gaseous 
reaction  products. 


found  significant  losses  in  intensity  from  the 
nitro  peak  and  the  emergence  of  intensity 
attributed  to  nitrogens  in  a  triazine-like 
chemical  state.  The  peak  for  nitroso  was  not 
observed  in  these  samples  indicating  high 
temperature  instability  of  the  nitroso  product. 
Washing  the  pyrolyzed  HMX  with  water 
generated  a  solution  which,  when  dried,  left  a 
residue  that  yielded  an  XPS  N(ls)  spectrum 
comprised  almost  exclusively  of  the  triazine- 
like  nitrogen.  Figure  6  is  a  comparison  of 
N(ls)  spectra  from  the  wash  solution  residue, 
the  pyrolyzed  HMX  and  control  HMX. 


Binding  Entrgy  (aV) 

Figure  6.  Comparison  of  N(ls)  XPS  Spectra 
From  Control,  Pyrolyzed,  and  Water  Wash 
Solution  Residue,  HMX  Samples 
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Recent  studies  of  the  degradation  of  RDX 
under  soft  x-ray  irradiation  in  the  XPS 
instrument  have  provided  new  insights  into 
the  initial  reactions  of  nitramines.  Slow 
radiation  degradation  by  the  XPS  x-ray  source 
is  a  controllable  method  for  damaging  a 
material  while  continuously  monitoring  its 
chemistry.  Data  collected  at  room  tempera¬ 
ture  demonstrate  the  slow  development  of  the 
same  nitroso  and  triazine  products  as  in  the 
shock,  impact,  and  pyrolyzed  samples.  By 
cooling  the  RDX  to  -60”C  during  irradiation, 
additional  products  are  observed.  Shown  in 
Figure  7  are  the  N(1b)  peak  positions  from  low 
and  room  temperature  x-ray  damaged  RDX 
samples,  compared  with  standards.  The 
detection  of  the  nitrite  ester  is  a  new  discovery 
that  suggests  several  reaction  steps  in  the 
initial  decomposition  of  nitramines.  Upon 
warming,  the  nitrite  ester  and  some  nitroso 
and  triazine-like  nitrogen  XPS  peak  intensity 
is  lost,  demonstrating  the  intermediate  role  of 
these  products  under  combustion  or  explosion 
conditions. 

High  Rate  Shear.  Most  of  the  reaction 
was  observed  on  the  surface  that  was  created 
by  the  plug  and  was  found  not  to  penetrate  the 


bulk  explosive.  In  Composition  B,  surface  loss 
of  TNT  was  evident;  however,  where  Compo¬ 
sition  B  was  impacted  with  a  steel  plate,  it 
caused  preferential  decomposition  of  RDX, 
giving  triazine-like  products,  as  discussed 
above. 

Ammonium  Perchlorate 

Studies  of  the  initial  reactions  of  AP  in 
response  to  shock  have  recently  begun  in  our 
laboratory.  The  application  of  XPS  to  the 
study  of  AP  has  great  advantage  due  to  the 
large  shift  in  binding  energy  between  all  of 
the  oxychloride  anions,  (ClOx',  x  =  0-4). 
Previously  reported  results  demonstrated  the 
effect  of  impact  on  AP,^  tentatively  identi¬ 
fying  the  products  as  chlorite,  hypochlorite, 
and  chloride.  Compilation  of  reference  spectra 
ft'om  the  alkali  salt  of  each  oxychloride  avail¬ 
able  provided  support  to  definitively  identify 
the  decomposition  products.  These  Cl(2p) 
XPS  spectra  clearly  demonstrate  the  shift 
between  each  of  the  oxychloride  anions.  Using 
the  standard  spectra  for  comparison,  the 
product  peaks  developed  are  attributed  to 
hypochlorite,  and  chloride.  Figure  8  shows  the 
Cl(2p)  XPS  binding  energy  position  from 


Binding  Energy  (0V) 

Figure  7.  XPS  N(Is)  Peak  Positiori  i  of  the  Products  Formed  by  X-ray  Radiation  Damaged  in  RDX 
Compared  With  Standards 


901 


Figure  8.  Compoette  Figure  Demonstrating  the 
Cl(2(>)  Binding  Energy  Positions  of  Four 
Oxychloride  Anion  Salts  Superposed  on  a 
Spectrum  from  Impacted  AP 

porchloi'uto,  chlorutti,  chlorito,  and  chloride 
chemical  Bluteu  of  chlorine  compared  with  a 
spectrum  from  impacted  Ai^  The  observation 
of  the  hypo-chioritc  product  is  very  confusing 
as  this  compound  is  not  known.  At  this  time, 
we  do  not  offer  a  mechonism  for  the  formation 
or  stabilization  of  this  muturiul.  If  the  hypo¬ 
chlorite  is  indued  the  major  product,  its 
instability  is  of  great  concern  with  regard  fur 
the  safety  of  daniuged  AP. 

Data  currently  in  hand  demonstrate  that 
the  hypochlorite  product  formation  is  greatly 
reduced  in  the  case  of  high  temperature 
decomposition  of  AP.  'I'his  result  supports  the 
notion  of  instability  of  the  hypochlorite  suit 
while  indicating  chloride  us  the  favored  high 
temperature  product. 

DISCUSSION 

The  results  presented  for  the  response 
of  TATB  to  shock  or  impact  demonstrate  that 
the  reaction  begins  at  microscopic  sites. 
Observation  of  these  initial  reaction  sites  is 
highly  encouraging  fur  the  application  of 
similar  exporimunls  to  other  onurgutic 


molecules.  The  size  of  these  sites  ranges  from 
tenths  to  ions  of  microns,  agreeing  with  the 
suggestion  of  Bowden  and  Yoffe.^  The 
location  of  the  reaction  centers  at  the  exterior 
of  the  crystalline  planes  of  shocked  TATB 
suggests  that  the  accumulation  of  crystalline 
defects  involving  dislocations  and  molecular 
disruptions  at  the  plane  edges  may  lead  to  the 
initiation  of  reaction,  Impact  initiation  favors 
interpurticle  friction  developed  as  the 
material  rapidly  flows  away  from  the  high 
pressure  of  the  striker. 

The  size  of  the  reaction  sites  and  the 
extent  of  decomposition  have  been  found  to  be 
governed  by  the  nature  of  the  stimulus.  For 
example,  more  extensive  decomposition  is 
observed  when  the  effects  of  impact  are 
augmented  by  friction  from  added  particles  of 
sand.  Fxtensivo  damage  to  the  planes 
themselves  was  also  evident,  indicating  that 
the  shock  induced  compression  and  friction 
were  concentrated  at  the  exposed  crystal 
planes  of  the  particle. 

Furuxans  and  furazans  have  been 
identiHed  as  the  product  species  that  develop 
around  the  reaction  site.  Furoxuns  are  the 
result  of  the  first  endothermic  step  and 
furuzuns  are  created  by  the  exothermic  release 
of  a  water  molecule  from  TATB,  providing 
energy  to  propagate  the  reaction.  The  trend 
indicated  by  our  data  is  that  the  furoxun 
product  is  always  present  at  low  con¬ 
centrations.  The  concentration  of  the  furazan, 
however,  increases  as  damage  becomes  more 
severe.  The  furoxun  product,  therefore, 
appears  lo  bo  an  intermediate  which  reacts 
further  to  produce  furazan.  It  is  suggested 
that  furoxun  actually  promotes  the  formation 
of  furuzun  by  reaction  with  TATB  to  form 
furuzun  and  another  molecule  of  furoxun.  The 
reaction  steps  could  be  summarized  as: 

-Ha 

1.  TA'I’B  Furoxan 
-llaO 

2,  TATB  -f  Furoxan  -►  Furoxan  +  Furazan 

The  result  of  such  a  reaction  scheme  would  bo 
the  consumption  of  TATB  with  the  formation 
of  the  stable  partial  decomposition  product 
furuzan.  Furoxan  concentration  levels  would 
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remain  small  and  essentially  constant  until 
all  I'ATB  is  reacted. 

Furoxans  are  far  more  sensitive  than 
TATB  having  a  drop  height  comparable  to 
that  of  TNT.®  (Amino  dinitrofuroxan  has  a 
drop  weight  impact  sensitivity  of  66  cm;  TNT 
sensitivity  is  64  cm,  compared  to  186  cm  fur 
TATB.)  The  presence  of  furoxan  compounds  in 
a  quenched  hot  spot  creates  a  site  for  sensiti- 
nation  of  the  TATB,  due  to  its  inherent 
sensitivity  and  physical  proximity  to  the 
defect  site.  Wo  have  chosen  to  refer  to  such 
sites  as  "sensitisation  centers."’® 

For  the  first  time,  condensed  phase 
partial  decomposition  products  from  the 
nitramines  MMX  and  KUX  have  been 
detected.  The  predominant  products  observed 
in  the  N(ls)  XPS  spectrum  from  underwater 
shocked  MMX  were  a  nitroso  compound  and 
triazine  compound.  Nitroso  compounds  are 
well-known  products  in  the  decomposition  of 
nitramines,”  and  are  stable  under  typical 
ambient  conditions.  Trlazine  is  known  to  be 
highly  susceptible  to  hydrolysis.  The  observed 
triazine-like  product,  however,  is  water  stable 
as  indicated  by  its  recovery  from  water 
solution.  The  stability  of  the  product  molecule 
to  water  indicates  that  the  triazine  nitrogen  is 
somehow  stabilized.  Certainly  the  product 
molecule  has  enhanced  water  solubility  rela¬ 
tive  to  IlMX  us  indicated  by  the  relative 
concentration  of  the  products  observed  by  XFS 
from  the  water  solution  residue. 

Unlike  the  results  from  the  shocked 
TATB,  shocked  II MX  does  not  show  the 
existence  of  reaction  centers.  Probably  the 
unique  layered  structure  of  TATB  facilitated 
the  observation  of  new  products.  Changes  of 
the  pressed  IIMX  powder  did  occur;  however, 
these  were  limited  to  the  removal  of  included 
porosity  left  from  pressing.  Transformation  of 
the  IIMX  from  jl  to  6  phase  has  been  found  to 
occur  readily  in  the  presence  of  KDX.®  The 
IIMX  pressed  into  pellets  for  the  beam 
experiments  was  of  a  production  grade  and 
therefore  contained  traces  of  BOX  which 
would  favor  the  |1  -» 8  transformation. 

The  low  temperature  radiation  damage 
of  IlDX  has  detected  for  the  first  time  the 
presence  of  a  nitrite  ester  intermediate.  The 


anticipated  mechanism  for  the  formation  of 
this  intermediate  is  by  the  rearrangement  of 
the  -N-NO2  to  -N-O-NO.  Quantum  chemical 
calculations  of  this  rearrangement  have  shown 
it  to  be  a  lower  energy  pathway  in  the  decom¬ 
position  of  nitromethane.’®  Evidence  for  the 
existence  of  this  intermediate  was  first 
observed  by  Wodtke  et  al.  in  molecular  beam 
experiments,  again  with  nitromethane.’®  Loss 
of  the  nitrite  ester  upon  warming  the  damaged 
sample  to  room  temperature  is  not  a  surprise 
based  on  the  bond  energies  and  free  energies 
of  reaction  involved.  Nitrite  ester  would 
decompose  via -N-O-NO -►  >N-0  -I-  NO.  The 
surprising  result  observed  from  warming  the 
low  temperature  damaged  sample  to  room 
temperature  was  the  loss  of  significant 
intensity  from  the  peaks  attributed  to  nitroso 
and  triazine  nitrogen  chemistries.  Further 
warming  of  damaged  nitramine,  as  in  the  case 
of  the  pyrolyzod  HMX,  produced  a  sample 
demonstrating  the  presence  of  little  if  any 
nitroso.  Those  results  provide  very  interest¬ 
ing  information  about  the  solid  state  reactions 
and  relative  stability  of  partial  decomposition 
products  that  occur  during  the  evolution  of 
gaseous  products  (i.e.,  NO). 

It  has  been  a  general  observation  fur  the 
materials  studied  to  date  that  under  all  forms 
of  stimulation  the  same  products  appeared  no 
matter  what  the  extent  of  decomposition 
observed.  Therefore,  the  same  reactions  are  in 
play  during  the  onset  of  decomposition  us  at 
the  exhaustion  of  the  parent  materiul.  The 
condensed  phase  products  observed  then  are 
truly  stable  intermediates  representing  early 
stages  of  the  decomposition  mechanism.  Our 
method  of  examination  has  the  advantage  of 
observing  such  products,  in  that  those  mole¬ 
cules  that  completely  decompose  loud  to  the 
formation  of  small  gaseous  products  which 
cannot  be  seen  by  XPS,  (unless  somehow 
trupped  in  the  lattice). 

An  important  question  concerning  the 
effects  of  different  stimuli  on  muleriuls  is  how 
do  the  products  formed  compare  with  those 
from  slow  thermal  decomposition.  Our 
results,  so  fur,  indicate  that  the  principal 
products  are  similar  to  those  of  thermal 
decomposition,  although  minor  reaction 
products  are  not  observed.  'I'his  is  not 
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surprising,  because  the  amount  of  decomposi¬ 
tion  seen  is  not  very  large  and  so  to  date  only 
the  principal  products  have  been  identified. 

SUMMARY 

The  damage  inflicted  by  various  stim¬ 
uli  on  energetic  materials  manifests  itself 
in  chemical  and  physical  changes.  The 
physical  changes  are  dependent  upon  the 
physical  properties  of  the  materials  them¬ 
selves,  (i.e.,  melting  point,  crystallinity). 
Chemical  changes  are  always  toward  a  more 
reduced  product  molecule,  reflecting  the  red¬ 
ox  nature  of  the  reactions  involved  in 
energetic  materials  consumption.  Typically, 
at  least  one  of  the  partial  decomposition 
products  is  more  sensitive  than  the  parent 
molecule.  Clear  examples  cun  be  listed  from 
the  materials  discussed  above;  furoxans  from 
TATB,  nitrite  esters  in  nitramines,  and  hypo¬ 
chlorite  in  AP.  The  observed  decrease  in 
stability  of  those  products  may  stem  solely 
from  their  chemistry  or  be  aggravated  by  the 
physical  structure  in  which  they  are  produced, 
(e.g.,  holes  at  the  plane  edges  of  TATB). 
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DISCUSSION 

PER-ANDERS  PERSSON 
CETR/New  Mexico  Tech 
Socorro,  NM 

Where  on  the  samples  wore  these 
electron  micrographs  taken? 

REPLY  BY  BRUCE  C.  BEARD 

SKM  micrographs  are  shown  for  both 
impacted  and  shocked  TATB.  The  material 
used  for  the  micrographs  were  recovered  from 


the  damaged  sample.  Mounting  was 
performed  by  sprinkling  the  material  onto  a 
Duco  cement  covered  microscope  stub.  There 
was  no  attempt  to  maintain  any  account  of  the 
position  of  specific  particles;  the  samples  were 
powders  that  were  completely  randomised 
during  recovery.  The  mounted  particles  were 
decorated  with  gold  at  a  very  slow  rate  to 
eliminate  any  possible  heating  effects.  Areas 
of  imaging  were  chosen  at  random;  however, 
the  greatest  effect  of  the  shock  or  impact 
appeared  at  the  edges  of  crystallographic 
planes. 
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In  this  work  a  holhw-tphtre  configuration  is  used  in  modeling  the 
dynamics  of  hot  spot  formation  in  porous,  condensed-phase,  reactive 
materials.  In  addition  to  treating  the  mechanics  of  pore  motion, 
thermal  processes  such  as  viscoplastie  heating,  finite-rate  chemical 
effects,  and  heat  exchange  between  the  pore  gas  and  surrounding 
material  are  evaluated.  The  analysis  considers  chemical  decomposi¬ 
tion  at  the  pore  interface  and  in  the  gas  phase,  Two  proposed  reaction 
mechanisms  are  used  to  investigate  the  role  of  gas-phase  chemistry  on 
hot  spot  growth  in  RDX.  In  preliminary  calculations,  the  gas-phase 
chemistry  is  modeled  using  a  finite-rate,  single-step  process,  Following 
a  discussion  of  the  preliminary  results,  the  simple  gas-phase  chemistry 
is  replaced  with  a  more  detailed  reaction  scheme  involving  167 
elementary  reactions  and  43  chemical  species.  Both  studies  incorporate 
a  real  gas  version  of  the  CHEMKIN  chemical  kinetics  package  to 
assemble  the  gas-phase  thermodynamic  properties  and  chemical 
production  raies. 


INTRODUCTION 

The  work  discueied  here  addresses  the 
issue  of  hot  spot  initiation  in  porous,  energetic 
materials.  Carroll  and  Holt’s  original  pore 
collapse  formulation^'^  is  extended  in  this 
work  to  model  the  dynamic  behavior  of  a 
hollow  sphere  subjected  to  an  externally 
applied  hydrostatic  stress.  The  hollow  sphere 
m^el  is  used  to  simulate  a  void  present  in  a 
field  of  condensed-phase,  reactive  material.  In 
addition  to  treating  pore  dynamics,  the  hot 
spot  model  includes  energy  balances  for  the 
pore  gas  and  surrounding  material.  Impor¬ 
tant  tlmrmal  processes  such  as  viscoplastic 
heating,  finite-rate  chemicai  effects,  and  heat 
exchange  between  the  pore  gas  and  sur¬ 
rounding  material  are  evaluated. 


In  brief,  the  dynamic  pore  collapse 
analysis  described  in  Reference  1  is  extended 
in  the  present  study  to  include  condensed- 
phase  material  viscosity  and  pore  gas  pressure 
in  the  integrated  form  of  the  radial 
momentum  equation.  In  addition,  first  law 
analyses  for  the  condensed-phase  material 
and  pore  gas  are  introduced  in  order  to  track 
temporal  variations  of  interface  and  gas 
temperatures.  Material  decomposition  at  the 
pore  interface  is  also  considered,  whereby  a 
portion  of  the  condensed-phase  material  reacts 
exothermically  at  the  interface,  and  the 
remainder  of  mass  flux  into  the  pore  is 
through  equilibrium  vaporization.  In  some 
instances,  gaseous  species  generated  at  the 
interface  further  contribute  to  the  net  energy 
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release  by  undergoing  exothermic,  gas-phase 
reactions. 

A  principal  objective  of  this  work  is  to 
study  the  role  of  gas-phase  chemistry  on  hot 
spot  formation.  Two  different  gas-phase  reac¬ 
tion  mechanisms  are  investigated  here.  In  the 
preliminary  calculations  performed  in  Part  I, 
the  gas-phase  chemistry  is  modeled  using  a 
finite-rate,  single-step  process,'^  In  Part  II,  the 
simple  gas-phase  chemistry  is  replaced  with  a 
more  detailed  reaction  scheme^  involving  167 
elementary  reactions  and  43  chemical  species. 
Both  Parts  1  and  II  incorporate  a  real  gas 
version  of  the  CHEMKIN  chemical  kinetics 
package*^'^  to  assemble  the  gas-phase  thermo¬ 
dynamic  properties  and  chemical  production 
rates. 

HOT  SPOT  MODEL 

Figure  1  shows  a  hollow  sphere  of 
condensed-phase,  energetic  material.  This 
simple  conilguration  is  used  to  model  the 
dynamic  and  thermodynamic  interactions 
between  a  material  void  and  its  immediate 
surroundings  when  a  constant  hydrostatic 
stress,  Pud,  is  exerted  on  the  system.  The  pore 
has  an  initial  radius,  ay,  and  contains  a 
nonroactive  gas  mixture  at  initial  pressure, 
Pjfo,  and  temperature,  T^o.  Initially,  the 
incompressible  solid  material  surrounding  the 


Figure  1,  Illustration  of  Hollow-Sphere 
Configuration  Used  to  Model  Hot  Spot 
Formation  in  Porous,  Energetic.  Material 
(RDX) 


void  has  uniform  temperature  and  is  in  ther¬ 
mal  equilibrium  with  the  pore  gas  (Tgo~Tg(,), 

The  initial  external  radius  of  the  sphere 
by  together  with  ay  prescribe  the  initial  sphere 
porosity; 


go 


V  -l-V 

go  HO 


=  aV 


(1) 


In  Equation  (1),  Vgy  represents  the  initial  pore 
volume  and  Vgo  is  the  volume  occupied  by  the 
solid.  Following  the  earlier  work  of  Carroll  et 
al.,^'^  the  initial  pore  radius  and  sphere  poros¬ 
ity  are  taken  to  be  descriptive  of  the  average 
pore  size  and  porosity  of  a  much  larger 
material  sample. 


Although  the  hollow-sphere  hot  spot 
formulation  treats  just  one  pore  and  its  imme¬ 
diate  surroundings,  it  can  easily  be  extended 
to  analyze  pore-pore  interactions  in  a  matrix 
of  pores,  In  the  latter  configuration,  the 
quantity  2(bu-ay)  represents  the  approximate 
distance  between  adjacent  pores  when  the 
material  is  in  the  relaxed  state. 


GOVERNING  EQUATIONS 


Pore  Radial  Motion 

Formulotion  of  the  governing  equations 
for  this  model  begins  with  an  expression  for 
conservation  of  radial  momentum  for  the  one- 
dimensional  pore  geometry  shown  in  Figure  1 . 
Here  it  is  assumed  the  gas-phase  thermo¬ 
dynamic  properties  are  time-varying  and 
spatially  uniform  within  the  pore.  It  is  further 
assumed  the  solid  density,  py,  and  material 
viscosity,  Pt,  are  constant.  Under  these  con¬ 
ditions,  the  radial  motion  of  a  spherically 
symmetric  pore  in  an  incompressible,  viscous 
medium  with  internal  pore  pressure  can  be 
expressed  as;* 


(3a) 


907 


where 

Ft  =  Fu)  -  Fg  -t-  Bign{a)Py , 


(3b) 


and 


o,  =  i-(i=i)*“.  (w 

The  porosity-dependent  variables,  Ci  and  C2, 
appearing  in  Equation  (2)  result  from  the 
finite- volume  assumption  (bo  ^  <*»  ^0  ^  0). 
For  the  ideal  configuration  of  a  pore  in  an 
infinite  medium  (bo  <^o  =  0),  Ci  =  Ca  =  1 
and  Equation  (2)  reduces  to  a  form  of  the 
Rayleigh  bubble  equation,* 

In  the  equation  of  motion,  (Equation  (2)), 
the  term  Po*  represents  the  hydrostatic  stress 
applied  at  the  external  radius  of  the  sphere 
(r  s  b),  Pg  is  the  instantaneous  gas  pressure 
in  the  pore,  and  Po  is  the  diviatorle  component 
of  stress.  For  the  conditions  considered  in  this 
work,  Pa  is  expressed  for  a  material  under¬ 
going  plastic  deformation  ‘  with  a  yield  stress 
Y; 

P,  =  jYlnd/cp).  (4) 

The  contribution  p,  has  on  interface 
motion  depends  on  its  magnitude  and  the  sign 
of  i.  For  example,  during  pore  collapse  Pm  can 
be  considered  an  Inward  driving  potential  that 
is  resisted  by  the  combination  of  stresses  Pg  + 
Pa.  Under  conditions  of  pore  expansion,  how¬ 
ever,  Pg  acts  as  an  outward  driving  potential 
and  Pm  and  pa  resist  the  motion. 


The  three  terms  on  the  right-hand  side  of  the 
equation  represent  energy  contributions  due 
to  heat  conduction  in  the  radial  direction, 
viscous  dissipation,  and  plastic  work,  respec¬ 
tively.  It  is  apparent  lirom  the  form  of  Equa¬ 
tion  (5)  that  both  the  viscous  and  plastic  work 
contributions  to  condensed-phase  heating 
decay  rapidly  for  r  >  a.  In  ad^tion,  it  should 
be  noted  the  plastic  work  term  in  the  energy 
equation  is  written  here  with  the  absolute 
value  of  interface  velocity  |4|  in  order  to  model 
plastic  work  during  pore  collf.pse  (4  >  0)  and 
expansion  (4  <  0). 

Rather  than  solve  the  complete  thermal 
field  over  the  domain  a  ^  r  a:  b,  an 
approximate  solution  for  the  interface 
temperature,  Ti,  can  be  developed  by  applying 
an  integral  approximation  to  the  energy 
balance.  This  technique  simplifies  the 
problem  at  hand  by  reducing  the  energy 
equation  from  its  partial  difTerential  equation 
form,  to  an  ordinary  differential  equation  for 
Ti.  Correctly  tracking  the  interface  temper¬ 
ature  is  important  to  this  modeling  effort  since 
Ti  governs  the  transport  of  mass  and  energy 
across  the  pore  boundary. 

Consistent  with  the  classical  integral 
approximation  method  for  a  hollow  sphere 
with  time-varying  heat  flux  at  r  s  &,  the 
following  functional  form  of  the  thermal 
profile  in  the  solid  phase  is  assumed; 


Energy  ■  Condensed  Phase 

An  important  aspect  of  this  modeling 
effort  is  tho  treatment  of  transport  phenomena 
at  the  pore/solid  interface.  In  order  to  properly 
address  these  issues,  the  thermal  field  In  the 
solid  material  must  be  examined.  More 
specifically,  an  evaluation  of  the  temporal 
variation  of  interface  temperature  is  required. 

In  general,  an  expression  for  energy  con¬ 
servation  in  tho  solid  material  surrounding 
the  pore  can  be  written  as; 

|^_Q  _2_ 

Dt  "  r  ^  ^  p^C^ 


6P.- 


a‘a’ 


T,(r,t)-T.= 


T  -T  + 


2atQ 

C,a 


exp 


(r-a)*\ 
4at  / 


”  C«a  4at  /• 


(6) 


Equation  (6)  is  a  reasonable  candidate 
for  the  thermal  profile  since  it  exhibits  the 
exponential-type  behavior  that  is 
characteristic  of  many  spherical  conduction 
solutions.**  Also,  Equation  (6)  satisfies  the 
proper  initial  and  boundary  conditions;  T(r,0) 
=  Tm,  for  a  s  r  Si  »;  T(a,t)  =  Ti  and  3T/dr  (a,t) 
=  Q,  for  t  >0;  T(«,t)  =  T«  and  dT/ar  («,t)  =  0 
for  t  >  0.  The  term  C3  is  a  pure  constant  that 
is  included  in  the  thermal  profile  (6)  to  correct 
for  the  time-varying  heat  flux  at  r  =  a. 
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Given  the  diflerential  form  of  the  energy 
balance  (S)  and  an  asaumed  form  of  the 
thermal  profile  (6),  a  differential  expression 
for  T|  can  be  developed  by  performing 
Leibnitz's  rule, 


with 

/(r,t)  =  r(T,(r,t).T,)  ,  (8) 


The  integration  in  Equation  (7)  is 
evaluated  over  the  limits  ri  ~  a  to  rji  -  b.  In 
practice,  the  upper  limit  (r2  =  b)  can  be 
replaced  with  r2  -  <»  since  the  thermal  layer 
diffusing  into  the  solid  from  the  pore  Interface 
typically  has  a  thickness  much  less  than  b. 
The  physical  signiflcance  of  this  substitution 
is  that  the  hot  spots  are  thermally  isolated 
from  their  nearest  neighbors  during  the 
preheat  period. 

Interface  Boundary  Conditions 

The  energy  boundary  condition  at  the 
solid/gas  interface  is  given  us: 


In  Equation  (9)  the  term  q^  represents  the 
effective  heat  exchange  with  the  pore  gas; 

Also  appearing  in  Equation  (9)  is  the  product 
of  effective  heat  release,  q^,  and  the  surface 
mass  flux,  rh|,.  The  term  q^  combines  thermal 
contributions  from  two  processes,  exothermic 
surface  reaction,  qe,  and  the  latent  heat  of 
phase  change,  L.  The  effective  heat  release  is: 

qs  =  LG-(1-G)qe  ,  (11) 

In  Equation  (11),  the  quantity  G  repre¬ 
sents  the  mass  flux  fraction  of  energetic 
material  entering  the  vapor  phase  from  the 


condensed  phase.^  Consequently,  the  quantity 
(1-G)  is  the  mass  flux  fraction  that  reacts 
exothermically  at  the  surface  to  produce 
product  gases.  A  value  of  G  »  0  implies 
complete  condensed-phase  decomposition, 
whereas,  G  =  1  implies  complete  vaporization 
at  the  surface.  In  a  study  on  nitramine 
deflagration  waves,  Mitani  and  Williams^ 
report  G  0.70  for  HMX  (CiHsNgOg)  over  the 
range  0.01  <  Pg(MPa)  <  100.  Melius^  has 
indicated  that  G  0.90  is  more  characteristic 
of  RDX  (CaHaNeOa)  deflagration  waves. 

An  approximation  to  the  instantaneous 
mass  flux  at  r  =  a  is  obtained  through  an  acti¬ 
vation  energy  asymptotic  solution  for  steady 
state  deflagration  waves. ^  The  resulting 
expression  used  in  this  model  is; 

/p^XJjfRTj.  A^exp(-EmT,) 

q  /8  I  E  1  [8(1-0)  +  (l-6)ln(l/a)l  ’ 

c  s 

In  Equation  (12),  the  term  8  represents  a 
nondimensional  heat  release  in  the  condensed 
phase; 

8  =  q/  CdT.  (13) 

®  Jt  * 

0 

In  both  Parts  I  and  II  of  this  work,  it  is 
assumed  the  condensed-phase  nitramine 
surface  reaction  is  irreversible  and  produces 
four  product  species  (CHgO,  NO2,  N2O,  and 
N2).  For  decomposition  of  condensed-phase 
RDX  (RDXc),  the  chemically  balanced 
reaction  is  thus; 

RDX^  =  aCHgO  -I-  NOg  -I-  NjjO  .  (14) 

Equation  (14)  has  a  heat  release  of  Qc  = 
360cal/gm  (1.61  MJ/kg),  a  reaction  rate  pre¬ 
exponent  of  A,  =  6  X  10*^  s  ^  and  activation 
energy  of  Ey  =  46.1  kcal/mole  (193  MJ/moIe). 

Continuity  •  Gas  Phase 

As  stated  previously,  the  gas  mixture 
contained  within  the  pore  is  assumed  to  have 
time-varying,  but  spatially  uniform  thermo¬ 
dynamic  properties.  Thus,  the  time  rate  of 
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change  of  gas  density  for  the  spherical  void 
with  surface  mass  flux  and  nonconstant  vol* 
ume  is; 


dt  a 


(16) 


The  first  term  on  the  right  hand  side  of 
Equation  (16)  treats  density  variations  due  to 
pore  volume  changes,  whereas  the  second 
term  reflects  the  increase  in  gas  density  due  to 
surface  mass  flux. 


Energy  •  Qas  Phase 

From  classical  thermodynamics,  the 
energy  balance  for  a  spatially  uniform 
reactive  gas  mixture  takes  the  form: 


dT  3  3 


g  vg  dt 


(16) 


Equation  (16)  is  written  specifically  for 
a  spherical  system  with  nonconstant  vol¬ 
ume  and  energy/mass  flux  at  the  surface. 
Under  the  same  constraints,  species  conserva¬ 
tion  within  the  spherical  pore  yields  the 
equation: 


In  the  limit  of  low  gas  density.  Equation  (19) 
approaches  perfect  gas  behaidor,  whereas  at 
highly  compressed  states  the  covolume 
correction  term  (1  -  qpg)  corrects  for  nonideal 
thermodynamic  states. 

GAS-PHASE  KINETICS 

Pari  I  •  Single  Reaction 

In  Part  I  of  this  work,  it  is  assumed 
the  nitramino  present  in  the  vapor  phase 
(RDXg)  undergoes  a  single,  finite-rate,  gas- 
phase  reaction.  The  product  gas  is  assumed 
to  have  the  same  composition  as  the  final 
product  of  a  constant-volume  explosion  of 
RDXg  (i.e.,  mqjor  species;  Ng,  CO,  CO2,  Ha, 
H3O.  H.  OH,  0,  O2.  NO).  Also,  the  gas- 
phase  reaction  for  Part  I  proceeds  irrevers¬ 
ibly  and  has  a  molar  production  rate  given 
by: 

The  eoefincients  (i.e.,  Ag,  Eg,  n)  appearing  in 
Equation  (20)  are  based  on  estimates 
developed  in  a  previous  study  of  steady-state 
nitramine  deflagration  at  pressures  up  to 
100  MPa.* 

Part  II » Multiple  Reactions 


=  W^(b^  +  -m  ,(Y,.  -  YJ  . 


•k^  *  ki 


(17) 


In  Equations  (16)  and  (17),  Wu  is 
molecular  weight  and  og  is  the  molar 
production  rate  of  the  k-th  species  in  tho  gas. 
Also,  Yka  represents  the  mass  fraction  of 
the  k-th  species  created  at  the  Interface; 


Yk,  =  m,k/m, .  (18) 


Equation  Of  State 

For  both  Parts  I  and  11  of  this  work  a 
constant-covolume  equation  of  state*  was 
used; 


P 


g 


p  RT 
I  -  npg  ‘ 


(19) 


For  Part  11  of  this  work,  the 
decomposition  of  gas-phase  RDX  is  modeled 
using  a  set  of  167  elementarv  reactions 
Involving  43  chemical  species.*'*^  Table  1 
presents  a  list  of  the  gaseous  species 
considered  in  this  work,  including  inter¬ 
mediate  species.  Some  of  the  CHNO  species 
appearing  in  Table  1  are  given  abbreviations 
in  parentheses.  For  example,  RDXR 
represents  CgHeNgOg,  the  radical  formed 
when  a  nitro  group  is  removed  from  RDX. 

The  decomposition  of  RDX,.  was  modeled 
by  Equation  (14).  This  is  the  same  as  the 
condensed- phase  reaction  law  used  in  Part  1. 
However,  in  Part  11  the  four  species  produced 
by  the  surface  reaction  (CHaO,  NgO,  NO2,  Ng) 
were  allowed  to  react  with  other  species 
present  in  the  pore. 
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Table  1,  LietofSpeeiee:  Part  II 


CaHeNeOeiRDX) 

H 

COa 

HaCNH 

CsHeNsOgiRDXR) 

0 

CO 

HaONO 

C8H6Ns04(RDXR0) 

N 

HCNO 

HaCNNOa 

C8H6N606(MRDX) 

HaO 

HOCN 

HaCNCHa 

CsHsNaOaiMRDXR) 

OH 

NNH 

HaCNNO 

CaH7N604(RDXH) 

HOa 

CNO 

HaCN 

CaH7N40a(RDXHR) 

NOa 

NaO 

CaNa 

CHaO 

NO 

HONO 

Ha 

NH 

NHa 

Oa 

ON 

HCO 

Na 

NCO 

RESULTS 

Part  I  •  Single  Reaction 

Input  parameters  and  initial  conditions 
for  a  series  of  test  oases  are  presented  in 
Table  2.  In  all  eases,  the  energetic  material 
surrounding  the  pore  was  the  nitramlne 
explosive  RDX.  Two  initial  porosities  (0.06, 
0.10)  and  a  range  of  applied  external 
stresses  were  examined.  The  applied  stress  at 
r  B  b  was  a  constant  with  P  »  Po*  for  all  time. 
For  consistency  with  the  results  presented 
in  Part  II,  the  chemical  kinetics  FORTRAN 
package  CHEMKIN*^'^  was  used  to  assemble 
the  thermodynamic  properties  and  molar 
production  rates  of  all  gaseous  species. 

Figures  2-6  show  some  of  the  trends 
predicted  by  the  version  of  the  hot  spot  model 
that  incorporates  simple  gas-phase  kinetics 
(Part  I).  Here,  the  applied  stress  is  300  MPa 
and  the  initial  porosity  is  0.06.  During  the 
time  interval  0  <  t  (ps)  <  0.34,  the  pore 
collapses  foom  the  initial  radius  of  ao  b  5  pm 
to  a  minimum  value  of  a  b  4,6  pm  (see 
Figure  2).  Pore  collapse  (4  <  0)  occurs  during 
this  period  since  the  total  resistive  stress 
(Pg*f  6g)  is  less  than  the  external  hydrostatic 
stress  PtD. 

As  the  pore  collapses,  several  different 
heating  mechanisms  contribute  to  an 
increase  in  interface  surface  temperature  Ti 
(see  Figure  4).  An  examination  of  the 
individual  terms  in  Equation  (5)  indicates  the 
primary  source  of  surface  heating  during  pore 
collapse  is  from  plastic  work.  Since  this 


Table  2,  Input  Parametere  for  RDX 


Variable  [units] 

Value 

1806 

T«,  B  T«  =  TgofK] 

300 

PgofMPal 

0.10 

aoEpm] 

6.0 

0 

- . h . 

1.0 

Ca 

100 

Piipoise) 

600 

AJs-*) 

6xl0‘® 

B,[MJ/mole] 

103 

A,t.'l 

34786 

Bg[MJ/mole] 

136 

a 

0.90 

VtMPa) 

no 

UMJ/kg] 

0.392 

kg[W/m-k| 

0.0833 

k,[W/m-kl 

0.2093 

qe[MJ/kg] 

1.61 

n 

1.22 

q[m®/kgl 

0.001 

C,lJ/kg-K] 

1466 

0.10,0.06 

PJMPa] 

200-800 

911 


PORE  RAIMIS  QuiO 


Figure  2,  Pore  Radius  Profile  for  Part  I,  Pm  ~ 
300  MPa  and  =  O.OS.  Initial  pore  eollapee 
is  followed  by  a  brief  induction  period  at  mini¬ 
mum  volume  state  and  eventual  pore  explosion. 


Figure  3,  Oas  Pressure  Profile  for  Part  I,  Pm  = 
300  MPa  and  4>o  =  0,05,  Initial  increase  in  Pg 
is  primarily  due  to  gas  compression.  Rapid 
increase  in  Pg  after  delay  is  associated  with 
pore  explosion, 

contrlbutei  through  the  yield  term  in  the 
energy  equation  (i.e.,  Y  |a|  a^/r^),  the  heating 
rate  decays  rapidly  (~l/r^)  for  radii  much 
greater  than  r  s  a.  Thus,  the  heating  due  to 
plastic  work  is  effectively  confined  to  the  pore 
surface  and  adjacent  material.  Compared 
with  the  yield  term  in  the  energy  equation, 
the  viscous  work  contribution  is  very  small 
(yield  term:  viscous  term  ~3.3).  Similar  to 
plastic  work,  the  viscous  contribution  to 
heating  also  decays  rapidly  for  r  >  a. 

The  prosence  of  mass  transfer  at  the 
gas/solld  interface  is  apparent  from  the  ther¬ 
modynamic  profiles  displayed  in  Figures  3  -  6. 


Figure  4,  Temperature  Profiles  for  Part  /,  P» 
-  300  MPa  and  tfo  ~  0,05,  Runaway  gas- 
phase  reaction  occurs  at  t »  0,38  ps. 


Figure  5,  Fuel  Mass  Fraction  Profile  for  Part  /, 
Pm  -  300  MPa  and  =  0,05,  Initial 
production  of  RDXg  is  from  decomposition  at 
pore  interface.  Rapid  decrease  in  Y  at  t 
0,38  ps  is  from  runaway  gas -phase  reaction. 

The  reaction  model  used  in  both  Parts  I  and  II 
assumes  the  gases  evolving  from  the  surface 
are  composed  of  90  percent  unreacted  nitra- 
mine  vapor  (RDXg)  and  10  percent  reaction 
products  (3CH2O  +  NO2  +  N2O  +  (3/2)Na). 
The  90  percent  of  mass  flux  undergoing  phase 
change  from  RDXg  to  RDXg  requires  energy 
(latent  heat).  The  remaining  10  percent  of 
mass  flux  that  reacts  from  RDXg  to  gaseous 
products  releases  heat  at  the  surface. 

Since  the  net  surface  mass  flux  is 
dependent  on  interface  temperature,  Ti,  the 
rate  of  gas  production  increases  steadily  over 
the  pore  collapse  time  frame  (t  <  0.34  ps). 
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Figure  6  shows  a  steadily  increasing  mass 
ft'action  of  unreacted  RDXg  in  the  pore  prior  to 
t  B  0.34  ps.  Also,  Tt  >  Tg  during  most  of  this 
time  iVame  and  heat  transfer  occurs  from  the 
solid  interface  to  the  pore  gas.  The  pore  gas 
pressure  increases  during  this  time  as  a  result 
of  two  different  processes,  pore  volume 
decrease  and  mass  flux  into  the  pore. 

By  t  s  0.34  ps  the  gas  temperature  has 
increased  to  approximately  Tg  »  1600  K  and  a 
reaction  initiates  in  the  gas  phase.  Over  the 
next  0.04  ps,  Tg  steadily  increases  from  1600 
K  to  approximately  2000  K  and  the  gas-phase 
composition  changes  from  90  percent 
unreacted  vapors  and  10  percent  products,  to 
almost  100  percent  products.  Because  of  the 
magnitude  of  Ti,  the  rate  of  nitramine  vapors 
being  produced  at  the  pore  surface  is  very 
high.  During  this  gas-phase  thermal 
induction  period  Tg  >  Tj  and  the  flow  of  heat 
is  from  gas  to  solid. 

While  the  system  is  at  rest  in  the  state  of 
minimum  pore  volume,  Pg  must  overcome  the 
total  resistive  pressure  (Pa  +  P«)  in  order  to 
initiate  motion  in  the  outward  direction.  Over 
the  time  interval  0.84  <  t  (ps)  <  0.38  the  pore 
pressure  increases,  but  A  a  0  since  Pg  <  pg  + 
P«.  At  approximately  t  »  0.38  ps,  Pg  exceeds 
the  resistive  pressures  and  pore  expansion 
takes  place  (a  >  0).  Due  to  the  high  rate  of 
increase  in  pore  pressure,  pore  expansion  is 
very  rapid  (see  Figure  2). 

This  example  is  characteristic  of  a  situa¬ 
tion  where  the  applied  pressure  is  targe 
enough  to  result  in  pore  collapse,  decomposi¬ 
tion  of  the  energetic  material,  and  rapid  pore 
explosion.  However,  not  all  cases  result  in  the 
type  of  behavior  exemplified  in  Figures  2  -  6. 
The  pore  dynamics  and  thermodynamics 
predicted  by  this  model  depend,  of  course,  on 
the  initial  conditions  and  material  properties. 
To  examine  the  influence  of  initial  conditions 
on  hot  spot  formation,  a  parametric  study  was 
made  on  the  effects  of  P«  and  4*o  on  maxi¬ 
mum  pore  pressure.  Figure  6  highlights  the 
results  of  this  study. 

For  a  given  initial  pore  conflguration, 
there  are  two  characteristic  states  of  hot  spot 
formation.  The  flrst  state  is  identified  in  Fig¬ 
ure  6  as  the  point  of  first  ignition  and  the 


Figurt  8,  Maximum  Pore  Preeeuree  for  Several 
Poroeitiee  and  Range  of  Applied  Streeeee 


corresponding  applied  stress  is  referred  to  as 
Pi«.  For  oases  where  the  applied  stress  is  less 
than  Pi*,  the  pore  generally  undergoes  a  slow 
rate  of  collapse  and  exhibits  minimal  heating 
at  the  interface.  The  increase  in  Tt  is  not 
enough  to  initiate  significant  surface  decom¬ 
position  and  gas-phase  reaction. 

For  applied  pressures  in  the  range  Pi*  < 
P«  <  Pa*,  interface  heating  is  sufflcient  to 
cause  some  gas-phase  decomposition,  but  the 
rate  of  gas  production  is  insufficient  to  result 
in  pore  explosion.  In  brief,  energy  is  being 
conducted  away  from  the  interface  faster 
than  it  is  accumulating  in  the  pore.  When  the 
applied  stress  exceeds  Pa*  the  rate  of  energy 
accumulation  in  the  pore  far  exceeds  the  rate 
at  which  it  is  transported  away  and  the  result 
is  pore  explosion.  Figure  7  shows  the  thresh¬ 
old  of  explosion  (Pa*)  for  a  range  of  initial 
porosities. 


POROSITY 


Figure  7.  Critical  Applied  Streee  Pg*  for 
Range  of  Material  Poroeitiee  (og  =  6  pm) 


913 


Part  II  -  Multiple  Reaotioiis 

The  single  gas-phaee  reaction  used  in 
Part  I  of  this  work  was  replaced  in  Part  11  with 
the  lengthy  set  of  elementary  reactions 
discussed  previously.  Input  parameters  and 
initial  conditions  for  Part  II  were  the  same  as 
those  cited  for  the  previous  eases  (Table  2). 
For  comparison  with  the  result  shown  in 
Figures  2  -  5,  the  applied  stress  and  initial 
porosity  for  this  case  were  again,  Pm  =  300 
MPa  and  =  0.06. 

Figure  8  shows  the  pore  pressure  profile. 
Similar  to  the  pressure  history  shown  in 
Figure  3,  there  is  a  slow  initial  increase  in 
pressure  followed  by  a  rapid  increase  at 
approximately  t  ==  0.40  ps.  Unlike  Figure  3, 
however,  Figure  8  displays  a  second  distinct 
increase  in  pressure  after  a  short  delay  time. 
The  pore  gas  temperature  profile  shown  in 
Figure  8  refieets  this  same  behavior.  Selected 
species  profiles  help  K^xplain  the  observed  two- 
tier  pressure  and  temperature  profiles  (see 
Figures  10- 14). 

During  the  initial  pore  collapse  and 
interface  heating  phase  (t  <  0.40  ps),  the 
gaseous  species  RDXg,  CH2O,  NOg,  N3O,  and 
Na  are  produced  at  the  pore  surface.  Because 
90  percent  of  the  mass  flux  into  the  gas  phase 
is  unreaeted  RDXg,  the  net  exothermtcity  and 
rate  of  Tg  increase  are  very  low.  During  this 
period,  the  event  is  essentially  identical  to  the 


Figure  9.  Temperature  profiles  for  Part  II,  Pm 
ss  300  MPa  and  ^0  =  0.05  (compare  with 
Figured) 


Figure  10.  NOg,  Ng,  and  NO  Species  Profiles 
for  Part  II,  Pm  ~  3OOMPaand^0  »  0.05 


Figure  8.  Qas  Pressure  Profile  for  Pari  II,  Pm 
-  300  MPa  and  ^0  =  0.05.  Multiple  gas- 
phase  reactions  are  evaluated  (compare  with 
Figures). 


Figure  11.  IlgO  and  Hg  Species  Profiles  for 
Part  II,  Pm  -  300  MPa  and  ^0  -  0.05 
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Figure  12.  COg  and  CO  Speciee  Profllee  for 
Part  n,  P.  «  300  MPa  and  4>o  =  O.QS 


Figure  13.  HCN  and  MONO  Species  Profiles 
for  Part  II,  P»  =  300  MPa  and  =  0,05 


O.OS 


case  examined  in  Part  I  (Figure!  2  ■  6).  Once 
the  gae  temperature  inereaeei  after  the  flret 
delay  period,  RDXg  and  the  other  specie!  react 
to  form  additional  intermediate  species  such 
as  HONO,  HCN.  NO.  H2O,  etc.  Recall  in 
Part  I.  the  reaction  went  directly  from  RDXg 
to  final  products.  The  delay  time  associated 
with  the  first  energy  release  is  not  a  true 
"thermal  induction  time"  since  a  portion  of  the 
gas  heating  is  from  other  mechanisms  (e.g., 
compression,  etc.)  besides  self-heating. 

Following  a  second  induction  time  delay, 
the  intermediate  species  farther  react  causing 
the  second-tier  increases  in  Tg  and  Pg.  The 
gaseous  chemical  composition  after  the  second 
energy  release  is  similar  to  the  equilibrium 
composition  for  a  constant-volume  explosion 
process  involving  RDXg.  Table  3  compares  the 
mole  fractions  of  mi^or  species  predicted  by 
the  pore  collapse  model  with  the  composition 
predicted  by  an  equilibrium  calculation  for 
constant-volume  explosion. 


Table  3,  List  of  Species  at  Final  State 


Species 
(Partial  List) 

Mole  Fractions 

Hot-Spot 
(Final  SUte) 

Equilibrium 

Calculation 

Ns 

0.313 

0.309 

CO 

0.263 

0.266 

HaO 

0.212 

0.186 

Ha 

0.087 

0.093 

COa 

0.067 

0.060 

OH 

0.027 

0.038 

NO 

0.016 

0.012 

H 

0.013 

0.034 

Oa 

0.002 

0.006 

0 

0.002 

0.008 

NOa 

0.000 

0.000 

NaO 

0.000 

0.000 

CHaO 

0.000 

0.000 

HONO 

0.000 

0.000 
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SUMMARY 

Under  certain  initial  conditions,  the 
model  presented  here  predicts  a  well-defined 
sequence  of  events  leading  to  hot  spot 
formation  in  porous,  energetic  materials. 
After  a  constant  hydrostatic  stress.  Pm,  is 
applied  to  the  porous  material,  a  time- 
dependent  pore  collapse  commences.  Heat 
generation  due  to  plastic  work  and  exothermic 
reaction,  and  heat  transfer  at  the  solid/gas 
interface,  result  in  an  increasing  interface 
temperature.  As  the  interface  temperature 
increases,  thermal  diffusion  within  the  solid 
phase  generates  a  growing  thermal  layer  that 
extends  into  the  solid  Arom  the  pore  interface. 
Nitramine  vapors  produced  at  the  pore 
interface  react  in  the  gas  phase  while 
simultaneously  being  compressed  by  the 
collapsing  pore.  Both  mechanisms  contribute 
to  an  increase  in  pore  gas  pressure  and  under 
certain  conditions,  the  pore  pressure 
overcomes  the  inertia  of  the  coliapsing  solid 
and  the  pore  explodes  rapidly  outward, 

Two  different  gas-phase  reaction 
mechanisms  were  investigated  in  this  work. 
In  the  preliminary  calculations  performed  in 
Part  I,  the  gas-phase  decomposition  was 
modeled  as  a  finite  rate,  single-step  procsss. 
In  Part  11,  a  more  detailed  reaction  scheme 
Involving  167  elementary  reactions  and  43 
chemical  species  was  incorporated  into  the  hot 
spot  model.  Although  the  overall  trends  were 
similar  for  both  parts,  the  multiple  gas-phase 
reactions  treated  in  Part  II  demonstrated  a 
two-tier  induction  stage  prior  to  pore 
explosion.  This  was  a  direct  result  of  the 
production  and  ultimate  destruction  of 
intermediate  species  in  the  pore  gas  mixture. 
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DISCUSSION 
DAVID  F.ALDIS 

Lawrence  Livermore  National  Lab. 
Livermore,  CA 

Your  model  assumptions  include  spheri¬ 
cal  symmetry  that  may  not  be  realistic  at  some 
shock  stren^hs.  Over  what  shock  pressure 
range  do  you  think  this  would  be  appropriate? 

REPLY  BY  P.  B.  BUTLER 

It  is  difficult  to  identify  the  shock 
strength  at  which  the  pore  no  longer  exhibits 
spherical  symmetry  since  it  depends  on  many 
factors,  including  the  material  properties  of 
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the  condenied  phaee.  Thie  value  would  then 
have  to  be  compared  to  the  minimum  shock 
strength  required  for  ignition,  If  it  exceeds 
the  mininium  ignition  criterion,  the  spherical 
symmetry  assumption  is  valid  since  ignition 
would  occur  prior  to  pore  deformation, 

DISCUSSION 

DENNIS  HAYES 
Sandia  National  Laboratories 
Albuquerque,  NM 

A  shock  in  a  porous  bed  will  broaden 
until  the  rise  time  of  the  shock  is  approxi¬ 
mately  equal  to  the  pore  collapse  time.  Thus, 
instead  of  a  step  fimction  in  pressure,  each 


pore  sees  a  ramp  in  pressure,  terminating  at 
pore  closure  time.  This  kind  of  pressure 
boundary  history  will  greatly  influence  inner 
wall  motion  and  thus  problem  solution. 

REPLY  BY  P.  B.  BUTLER 

Our  hot  spot  model  is  formulated  such 
that  any  P(t)  profile  can  be  specified  as  the 
exterior  (r  s  b)  boundary  condition.  Finite  rise 
time  shock  waves  are  of  interest,  and  we 
intend  to  study  this  problem  in  the  near 
fiiture.  However,  it  should  also  be  mentioned 
there  are  circumstances  where  a  condensed- 
phase  energetic  material  can  experience  a 
very  short  rise  time  shock  input. 
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BROAD  BANDWIDTH  STUDY  OF  THE  TOPOGRAPHY  OF  THE 
FRACTURE  SURFACES  OF  EXPLOSIVES 


M.  Yvonne  D.  Lanzerotti  and  James  J.  Pinto 
U.S.  Army  AKDfiC 

Pioatinny  Arsenal,  New  Jersey  07806>SO0O 
and 


Allan  Wolfe 
Department  of  Physios 
New  York  City  Technical  College 
Brooklyn,  New  York  1 1021 


The  Z,X  coordinates  of  the  fracture  surfaces  of  TNT  and  Composition  B 
have  been  measured  with  a  stylus  profilometer.  The  fracture  surfaces 
of  the  material  under  study  are  obtained  by  accelerating  prepared 
samples  in  an  ultracentrifuge,  When  the  tensile  or  shear  strength  is 
exceeded,  a  fracture  surface  is  obtained.  Using  diamond  and  sapphire 
styll  the  topography  of  the  fracture  surface  ^s  been  studied  from  a 
wavelength  of  1.0  micron  to  nearly  1,0  centimeter.  The  power  spectra 
have  been  calculated  from  the  data  using  a  prolate  spheroidal  data 
window  in  the  horizontal  space  domain  prior  to  the  employment  of  the 
fast  Fourier  transform  algorithm.  The  power  spectra  are  found  to 
decrease  with  increasing  spatial  frequency.  Peaks  are  observed  in  the 
low  frequency  region  of  the  TNT  power  spectra  and  indicate  that  much 
of  the  fracture  is  occurring  at  grain  boundaries.  Peaks  corresponding 
to  the  RDX  particle  size  are  observed  in  the  Composition  li  power 
spectra  and  indicate  that  the  fracture  is  occurring  between  the  HDX 
and  TNT  grains. 


INTRODUCTION 

in  Ihis  work  power  spectral  techniques 
have  been  used  to  study  the  topography  of 
the  fracture  surfaces  of  energetic  mater  ials.  ^ 
The  slopoB  of  the  log-log  power  spectra  are 
studied,  and  the  slopes  are  used  to  deter¬ 
mine  if  the  surface  topography  cun  be 
character  1  zed  by  u  fractal  dimension.  The 
fractal  dimension  is  a  parameter  describing 
the  scaling  properties  of  surface  topography. 
That  is,  how  topography  or  roughness  varies 
with  surface  dimension.  The  mechanical 
properties  of  two  surfaces  in  contact  depend 
strongly  on  the  topography  of  the  contacting 
surfaces.  Therefore,  knowledge  of  the  fractal 
dimension  is  potentially  important  fur  deter¬ 
mining  the  scaling  of  surface  topography. 


mechanical  properties  of  contacting  surfaces,*^ 
and  the  understanding  of  mechanical  sensi¬ 
tivity  tests  including  friction  and  impact. 

Spectral  analysis  techniques  are  also 
useful  tools  to  understand  the  fundamental 
physics  of  the  fracture  processes  of  energetic 
materials  and  to  make  quantitative  compari¬ 
sons  between  different  materials.  Since  the 
fractal  dimension  provides  concise  quantita¬ 
tive  descriptions  of  the  fracture  surfaces  of 
energetic  materials,  it  might  be  expected  that 
such  descriptions  will  loud  to  improvements  in 
cast  and  composition.  Such  quantitative 
descriptions  are  not  presently  available  by 
any  other  method.  Improved  knowledge  of 
energetic  materials  has  resulted  from  this 
approach. 
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EXPHIRIMENT 

A  Beckman  preparative  ultracentrifuge 
model  1.8-80  with  a  swinging  bucket  rotor 
model  SW  60  Ti  is  used  to  rotate  the  sample 
under  study  up  to  60,000  rpm.  The  distance  of 
the  specimen  from  the  axis  of  rotation  can  be 
chosen  as  a  variable  between  6  and  12  cm,^'^ 

Samples  are  prepared  as  follows. 
Cylindrical  polycrystalline  plugs  of  explosive 
are  prepared  by  pouring  about  one-half  gram 
of  the  material  into  9-mm  Internal  diameter 
(i.d.)  polycarbonate  tubes  and  allowing  the 
material  to  crystallize,  The  open-ended  sam¬ 
ple  tube  is  then  joined  to  a  short,  closed-end 
polycarbonate  centrifuge  tube.  Thu  as-cast 
surface  of  the  explosive  faces  away  from  the 
axis  of  rotation.  The  sample  experiences  a 
time  rate  of  ciiange  of  the  acceleration  up  to  a 
maximum  acceleration.  The  sample  then 
decelerates  smoothly  to  zero  acceleration.  Thu 
Initial  maximum  acceleration  is  less  than  the 
fracture  acceleration  for  the  material.  The 
maximum  acceleration  for  the  sample  is  then 
increased  systematically  in  each  successive 
run.  Particles  break  loose  from  the  surface 
exposed  to  the  acceleration  and  transfer  to  the 
closed-end  tube  when  the  strength  of  the 
material  is  exceeded.  A  hemispherical 
fracture  surface  is  formed. 

The  /i,X  coordinates  of  the  concave 
fracture  surfaces  are  measured  with  a  stylus 
proniometur,  Two  typos  of  styli  wore  used  to 
measure  the  Z,X  coordinates.  One  stylus  is  a 
diamond  tipped,  90”  included  angle  truncated 
pyramid  with  a  I.3-pm  edge  in  the  direction  of 
motion.  Thu  other  stylus  is  a  sapphire  bull 
with  397  pm  radius.  The  Form  Tulysurf 
instrument  is  capable  of  recording  profile 
lengths  from  0.6  mm  to  120  cm.  The  diamond 
stylus  height  range  is  4.0  mm  with  10  nm  | 
resolution.  The  sapphire  stylus  height  range  | 
is  8.0  mm  with  20  nm  resolution.  The  largest  I 
wavelength  is  the  length  of  the  proHlu.  The  | 
smallest  wavelength  is  twice  the  horizontal  ^ 
measurement  spacing  corresponding  to  the  I 
Nyquist  cutoff  frequency.®  In  addition,  the  * 
finite  dimension  of  the  stylus  imposes  a  cutoff 
wavelength  equal  to  the  tip  radius,'*’  397  pm 
for  the  sapphire  stylus.  The  truncated  pyra¬ 
mid  diamond  stylus  cannot  resolve  a 
wavelength  shorter  than  twice  the  length  of 


the  edge  in  the  direction  of  motion,  2,6  pm  for 
the  diamond  stylus.  ^ ' 

RESULTS 

'I'NT 

The  sample  of  melt-cast  TNT  has  been 
found  to  fracture  at  41,000  g  at  26”C. 
Crystallites  are  visually  seen  to  protrude  from 
the  surface  and  range  in  size  from 
approximately  100  to  600  pm.  The  topography 
of  the  fracture  surface  of  TNT  has  been 
studied  from  wavelengths  of  1.0  pm  to  8  mm 
using  a  stylus  profilometer. 

An  8-mm  surface  height  profile  of  one 
truce  across  the  fracture  surface  of  TNT  is 
shown  in  Figure  1 .  The  Z,X  coordinates  of  this 
proille  have  been  measured  with  the  diamond 
stylus  at  a  horizontal  spacing  (mean  sampling 
interval)  of  0.006  mm.  The  vortical 
displacement  is  plotted  as  a  function  of 
horizontal  displacement. 

The  spectrum  analyses  are  performed  by 
using  a  prolate  spheroidal  data  wlndow*'^’^'^  in 
the  horizontal  space  domain  prior  to  the 
employment  of  a  fast  Fourier  transform  algo¬ 
rithm  to  compute  the  power  spectral  density.*^ 
The  prolate  spheroidal  window  is  used  because 
it  is  superior  to  more  commonly  used  windows 
in  analyses  of  short  series.'^  The  spatial 
power  spectrum  of  the  fracture  surface  profile 
of  the  TNT  sumple  of  Figure  1  is  shown  in 
Figure  2.  The  power  spectral  density  is 


Figure  /.  Surface  Height  Profile  of  the 
Fracture  Surface  of  TNT 
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Figure  2.  Spatial  Power  Spectrum  of  the 
Fracture  Surface  Profile  of  TNT 


ploltod  uu  a  function  of  upatial  frequency  un  a 
log-log  plot.  The  power  spectral  denaily 
decroaauH  with  increasing  spatial  frequency. 
At  low  apalial  frequencies  the  slope  (dashed 
line)  of  the  upectrum  is  about  -3.  At  high 
spatial  frequencies  the  slope  (solid  line)  of  the 
spectrum  is  about  -4,  The  location  of  the 
change  in  slope  corresponds  approximately  to 
the  smallest  grain  sise  observed  in  the 
fracture  surface  (0. 1  tnm). 

The  relationship  of  the  spectral  slope,  s, 
to  the  fractal  dimension,  I),  is  given  for 

a  pronie  by 

s  =  -(6-21)). 

This  i,s  the  relationship  used®''^  to  interpret 
the  power  spectra  of  a  profile  with  a  self  alTine 
fractal  model. The  slope  must  lie  in  the 
range  -3  <  s  ^  -2^  in  order  to  yield  inter 
pretable  results.  Therefore,  at  low  spatial 
frequencies  the  fractal  dimension  is  found  to 
bo  about  I.  At  high  spatial  frequenci'>s,  the 
slope  is  about  4.  for  spectral  slopes  sleeper 
than  -3,  the  relationship  between  spectral 
slope  and  fractal  dimension  does  not  hold.^  in 
this  case,  the  dimension  is  exactly  equal  to  I, 
the  topological  dimension.  Therefore,  at 
spatial  frequencies  greater  than  n  min  '  the 
fracture  surface  is  non  fraclal.  Apparently 
these  fracture  surfaces  are  not  fraclal  at 
wavelengths  smaller  than  the  grain  si/.e  when 
the  profiloineler  stylus  traverses  smooth 
crystal  cleavage  surfaces. 


Peaks  are  observed  in  the  low  frequency 
region  of  the  power  spectrum  and  correspond 
roughly  to  the  size  of  the  crystals  in  the 
sample.  These  peaks  indicate  that  much  of  the 
fracture  is  occurring  at  crystal  boundaries. 
The  power  spectral  peaks  are  listed  as  a 
function  of  spatial  frequency  in  Table  1.  The 
power  spectral  peaks  appear  to  be  quasi- 
periodicover  the  range  measured. 

The  spatial  power  spectrum  has  also 
been  calculated  from  the  Z,X  coordinates  of  an 
independent  fracture  surface  profile  of  TNT 
measured  with  the  sapphire  stylus.  Similar 
results  are  obtained.  The  power  spectral 
density  decreases  with  increasing  spatial 
frequency.  At  low  spatial  frequencies  the 
slope  of  the  spectrum  is  about  -3.  At  high 
spatial  frequencies  the  slope  of  the  spectrum 
is  about  -4.  Again  the  change  in  slope 
corresponds  approximately  to  the  smallest 
grain  size  observed  in  the  fracture  surface, 
Peaks  are  also  observed  in  the  low  frequency 
region  of  the  power  spectrum  and  correspond 
to  the  size  of  the  crystals  in  the  sample.  The 
power  spectral  peaks  in  this  power  spectrum 
are  also  listed  us  a  function  of  spatial 
frequency  in  Table  1.  These  spectral  peaks 
also  appear  to  be  quasi -periodic.  In  addition, 
many  peaks  in  both  spectra  from  the  two 
individual  samples  are  at  approximately 
similar  frequencies. 

Peaks  have  also  been  observed  in  the 
Fourier  spectra  of  fracture  profiles  of 
metals."'''®  Thu  periodicities  observed  for 
these  peaks  have  been  ascribed  to  a 
fundamental  fracture  unit  which  has  a 
triangular  shape.'" 

The  root mean-square  (rms)  roughness, 
H,  has  been  calculated  for  the  fracture  surface 
profile  of  TNT  shown  in  Figure  I.  The 
roughness  has  been  obtained  from  data 
measured  by  the  diamond  stylus.  The 
delurminalioii  has  also  been  made  for  thirty- 
two  separate  subpronies  chosen  at  random 
from  this  pronie.  A  straight  line  has  been  fit 
to  the  points  by  the  method  of  least  squares. 
'I'he  equation  of  (he  line  is: 

log  K  ^  (0.83  ±  O.IO)  log  L  -  (0.64  ±  0.22), 

where  b  is  the  pronie  length.  The  best  line 
nt  has  a  linear  correlation  coefficient  equal 
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Table  1 .  Power  Spectral  Peake  aa  a  Function  of  Spatial  Frequency  for  TNT  Profiles 


Diamond  Stylus 

Horizontal  Spacing  =  0.006  mm 

Sapphire  Stylus 

Horizontal  Spacing  =  0.006  mm 

Peak  No. 

Spatial  Frequency 
(mm‘) 

Spatial  Frequency 
(mm'*) 

Peak  No, 

1 

0.9 

0.8 

1 

2 

1.7 

1.6 

2 

3 

2.1 

2.1 

3 

4 

2.6 

... 

... 

6 

2.9 

2.8 

4 

6 

3.4 

3.6 

6 

7 

4.2 

4.0 

6 

8 

6.2 

4.7 

7 

9 

6.3 

... 

... 

10 

7.1 

6,7 

8 

11 

8.1 

8.3 

9 

12 

8.8 

... 

— 

to  0.83.  This  is  beyond  the  99.9  percent  signi- 
flcance  level  for  the  thirty-two  date  points.^^ 
The  log  of  the  rms  roughness  increases 
linearly  with  the  log  of  the  profile  length. 
Nevertheless,  each  specific  value  of  rms 
roughness  is  valid  only  for  the  particular 
subproflle  from  which  it  is  obtained. These 
rms  roughness  values  are  plotted  as  a  function 
of  profile  length  on  a  log-log  plot  in  Figure  3. 

Composition  B 

The  topography  of  the  fracture  surface 
of  Composition  H  has  been  studied  from 
wavelengths  of  1.0  pm  to  6  mm  using  the 
diamond  stylus.  Composition  H  is  a  formula¬ 
tion  containing  69  percent  cyclotrimothyl- 
enetrinitramino  (RUX),  40  percent  TNT,  and  1 
percent  wax.  The  sample  of  melt-cast  Com¬ 
position  D  hau  been  found  to  fracture  at 
41,000  g  at  25°C.  The  crystals  are  seen 
visually  to  protrude  from  the  surface;  they 
appear  to  be  approximately  0.1  mm  in  size. 
The  logarithmic  normal  crystal  size 
distribution  of  KDX  as  speciried  by  military 
specification  Class  1'^^  is  shown  in  Figure  4. 


LOO  FROnU  UENaTH  (MICRONS) 


Figure  3.  Log  of  the  lioot-mean-equare 
Houghnesa  of  TNT  as  a  Function  of  the  Log  of 
the  Profile  Length 


The  distribution  for  an  actual  HDX  sample, 
ilolston  lot  21-40,  is  also  shown.  The 
geometric  means  of  the  particle  sizes 
(60  percent  point  on  the  graph)  are  189  pin 
and  123  pm,  respectively.  The  geometric 
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Figure.  4.  ltl)X  Particle  Size  Distribution,  Pis 
the  cumulative  percentage  of  measurements 
equal  to  or  less  than  the  particle  size. 


nioun  pui'licio  Hi/.o  corresponds  upproximulely 
lo  Ihe  si/o  of  Ihti  cryslaltiles  observed  in  Ibe 
fruclure  surfuco. 

Kivo  inm  and  6-pni  surface  height  pro 
files  of  two  truces  across  the  fracture  surface  of 
Composition  H  have  been  studied.  Thu  Z,X 
Goordinutus  of  these  profiles  have  been  meas¬ 
ured  with  the  diamond  stylus  at  a  horizontal 
spacing  (mean  sampling  interval)  of  0.006  min 
and  O.OODb  mm,  respectively.  The  spatial 
power  spectra  of  those  fracture  surface  proHles 
are  shown  in  Figures  6  and  6,  respectively. 
The  power  spectral  density  decreases  with 
increasing  spatial  frequency.  Thu  spectral 
slopes  vary  from  -3.3  to  -3.9  and  indicate  that 
the  fracture  surface  is  non-fractal. 

As  in  the  case  of  the  TNT  sample,  peaks 
are  observed  in  the  power  spectra  of 
Composition  B.  These  peaks  indicate  that 
much  of  the  fracture  is  occurring  between 
KDX  and  'I’NT  grains.  The  power  spectral 
peaks  are  listed  us  a  function  of  spatial 
fre(|U(incy  in  Table  2.  The  peaks  appear  to  he 
quasi  periodic  over  the  range  meu.sured.  'I'he 
quasi- harmonic  peaks  correspond  roughly  to 
the  size  of  the  HI)X  crystals  in  the  sample. 

CONCLUSIONS 

The  results  presented  here  of  the  power 
spectra  of  profilometer  traces  across  TN'I'  and 


Figure  5,  Spatial  Power  Spectra  of  Fracture 
Surface  Profiles  of  Composition  li.  The  slope  of 
Profile  41  is  -3,3;  the  slope  of  Profile  42  is  -3,9, 


Figure  6,  Spaliul  Power  Spectra  of  Fracture 
Surface  Profiles  of  Composition  li.  The  slope  of 
Profile  41  is  -3.8;  the  slope  of  Profile  42  is  -3,4. 
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Table  2,  Power  Spectral  Peaks  as  a  Function  of  Spatial  Frequency  for  Composition  B  Profiles 


DIAMOND  STYLUS 

Horizontal  Spacing  -  0.006  mm 

Horizontal  Spacing  »  0.0005  mm 

ProBle#! 

Proflle  #2 

Profile  #1 

Profile  #2 

Peak 

No. 

Spatial 

Frequency 

(mm‘) 

Spatial 

Frequency 

(mm-*) 

Peak 

No. 

Peak 

No. 

Spatial 

Frequency 

(mm'*) 

Spatial 

Frequency 

(mm*) 

Peak 

No. 

■■ 

1.0 

1 

mm 

2.2 

1.8 

1 

HI 

1.8 

1.9 

mm 

10.0 

8.6 

2 

2.9 

3.2 

14.2 

... 

mm 

4.4 

3.9 

HI 

HI 

19.4 

19.4 

HI 

6.3 

6.2 

IH 

IH 

26.6 

26.5 

HI 

6.9 

... 

■■ 

HH 

... 

33.6 

Compobilion  U  fracturo  Buriacoa  Bhuw  that 
Iho  spectral  slopes  change  with  spatial 
frequency.  At  the  lower  frequencies,  the 
slopes  for  the  TNT  spectra,  interpreted  in 
terms  of  the  self-afTino  fractal  model,  yield  a 
fractal  dimension  of  approximately  1 .  At  the 
higher  frequencies,  for  both  TNT  and 
Composition  B,  the  slopes  are  <-3,  and 
therefore,  the  spatial  scaling  is  non-fractaf. 
Such  band'limited  fractal  dimensions  and 
non-fractal  behavior  have  been  reported  by 
Brown  and  Schoiz^  in  studies  of  natural  rock 
surfaces. 

Llnderslanding  of  the  fracture  and 
rupture  of  energetic  muteriuls  subjected  to 
high  acceleratiun  is  a  key  to  better  practical 
designs  in  several  nulds,  including  ord¬ 
nance,  the  extraction  industry,  and  space 
propulsion.  In  such  applications  the 
materials  cun  often  be  subjected  to  high, 
fluctuating,  and/or  sustained  accelerations. 
We  have  presented  experimental  data  on  the 
studies  of  the  fracture  of  energetic  muteriuls 
under  high  accelurutionu  and  have  introduced 
the  use  of  fractal  geometry  techniques  to 
characterize  the  fracture  surfaces.  We  have 
shown  that  the  fractal  and  other  statistical 
measuros  provide  now  ways  to  parameterize 
the  fracture  surfaces  and  also  provide  new 
insights  into  the  fracture  process.  The  results 
also  suggest  tha<  at  certain  spatial 
wavelengths  the  fracture  stulisticully  occurs 
at  grain  boundaries.  We  believe  the 


experimental  and  analysis  techniques  used 
hero  have  wide  applicability  in  future  studios 
of  energetic  materials. 
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The  detonation  velocity  and  pressure  of  mixtures  of  nitromethane 
(NM)  -  PMMA  and  glass  microballoons  (0MB)  were  measured  with 
respect  to  the  0MB  concentration,  These  results  show  the  detonation 
characteristics  of  NM  can  be  changed  in  a  drastic  way  when  high 
concentrations  of  0MB  are  used, 

The  detonation  of  these  mixtures  is  far  from  ideal,  so  there  exists  a  large 
discrepancy  between  the  experimental  and  calculated  values. 


INTRODUCTION 

OlasB  microballoona  (QMB)  are  generally 
used  to  sensitise  emulsion  explosives.  This 
kind  of  explosive  is  very  Important  today,  from 
an  industrial  view  point.  In  order  not  to 
decrease  their  detonation  characteristics  too 
much,  these  explosives  contain  only  a  few  per¬ 
cent  of  GMB.  Tho  initiation  sensitivity,  det¬ 
onation  characteristics,  and  critical  diameters 
depend  upon  the  concentration  of 
Nevertheless,  one  may  wonder  about  the 
effective  role  of  QMB  in  these  complex 
heterogeneous  explosives. 

Nitromethane  (NM)  is  a  homogeneous  ex¬ 
plosive,  and  likely  to  be  tho  best  known  among 
all  explosives.  Like  emulsions,  its  sensitivity 
is  very  poor.  Therefore,  mixtures  of  NM  and 
QMB  could  be  very  useful  to  understanding  the 
speciilc  role  of  QMB.  Furthermore,  these 
mixtures  are  very  easy  to  prepare,  and  could 
allow  the  study  of  the  inHuonce  of  several 
parameters  such  as  concentration,  size,  and 
nature  of  microbaliouns.  Thus,  they  could 
contribute  to  a  better  knowledge  of  hot  spots. 

But,  first  of  all,  it  is  necessary  to 
investigate  whether,  if  any  and  under  which 
conditions,  a  self-sustained  dcionation  would 
propagate  in  these  mixtures.  In  such  a  case, 
the  determination  of  its  detonation  character¬ 


istics,  with  respect  to  the  QMB  concentration, 
would  be  a  key  parameter. 

INITIAL  STATE  OF  THE 
MIXTURES 

Because  of  the  large  discrepancy  between 
the  NM  density  (1.136)  and  GMB  density, 
(0.132)  it  is  not  possible  to  obtain  a 
homogeneous  mixture  without  increasing  the 
NM  viscosity.  Such  requirement  was  met  by 
adding  PMMA.^  Thus,  a  3  percent  mass 
fraction  of  PMMA  in  a  NM/PMMA  mixture 
was  used  in  each  composition.  Each  NM- 
PMMA/QMB  composition  that  is  presented 
hereafter  is  dofinod  by  the  mass  fraction  X  of 
GMB  in  the  mixture.  The  size  of  QMB  is  5  to 
170  pm.  Tho  initial  density  Po  of  mixtures  up 
to  X  ~  40  percent  was  measured  (Table  1), 
since  a  steady  detonation  can  propagate  in  any 
of  them. 

Three  comments  must  be  made: 

1)  when  X  >  16  percent,  there  is  not 
enough  NM  in  the  mixture  to  fill  the  gap 
between  the  QMB,  which  loads  to  extra  voids. 

2)  the  density  of  mixtures  with  X  >  16 
percent  is  less  than  the  density  which  could  be 
expected  from  that  resulting  from  each 
component. 
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Table  1.  Density  ofNM-PMMA/GMB  Mixtures 


X(%) 

Volume 
Fraction  of 
NM-PMMA 
(%) 

Po 

0 

100 

1.14 

10 

61.6 

0,78 

20 

40.3 

0.575 

30 

24 

0.39 

40 

13.6 

0.258 

3)  when  X  >  15  porcenl,  each  QMB  ia 
covered  with  a  layer  of  NM-HMM  A, 

DETONA'riON 

CHARACTERISTICS 

A  previoua  study  led  to  experimental 
detonation  characteristica  of  mlxturea  with 
IS  2:  X  ^0  confined  in  brass  tubes, ^  As  soon 
as  X  >  20  percent,  a  steady  detonation  cannot 
propagate  in  this  kind  of  confinement.  This 
can  be  explained  by  the  detonation  velocity 
that  becomes  loss  than  the  sound  speed  of 
brass,  For  this  reason  experimental  data 
reported  in  this  paper,  in  the  case  where  40  ^ 
X  2:10  percent,  were  obtained  using  PVC 
conTinoments. 

Detonation  velocity  and  pressure  were 
measured  and  compared  to  calculated  values 
provided  by  the  QUATUOK  Code,**  using  the 
BKW  equation  of  state. ^ 

DETONATION  VELOCITY 

The  detonation  velocity  of  X  =  10,  20, 
and  30  percent  mixtures  was  measured  with 
respect  to  the  diameter  4)  of  the  ioad  (44  2  <|)  ^ 
14  mm)  (Figure  1 )  in  order  to  extrapoiate  to  the 
infinite  diameter  detonation  velocity  ())«) 
(Table  2).  Those  values  are  reported  in  Figure 
2,  as  well  as  the  corresponding  value  obtained 
In  the  mixture  defined  by  X  =  10  percent 
confined  in  brass  tubes.  This  result  is  6 
percent  greater  than  that  obtained  in  a  weak 
confinement,  and  is  correctly  predicted  by  the 
BKW  equation  of  state. 


Figure  1.  Detonation  Velocity  of  NM- 
PMMA/OMB  Mixtures  Versus  The  Inverse 
Diameter  of  the  Charge 


Table  2,  Measured  and  Calculated  Detonation 
Characteristics 


X 

Do. 

Brass  PVC  D(BKW)  P(exp)  P(BKW) 
tube  Tube  m/s  kbar  kbar 

(m/s)  (m/s) 

10 

4540  4354  4557  37,4*  48 

43 

20 

3260  3575  15 

30 

2322  2769  6  10.7 

40 

2152  4  4.5 

*Connguration  Figure  3a. 


Hence,  only  experimental  values 
obtained  in  mixtures  where  X  £  15  percent 
and  shot  in  strong  confinements  may  be 
compared  to  calculated  values. 

As  X  increases,  the  discrepancy  between 
experimental  and  calculated  values  increases, 
reaching  16  percent  at  X  =  30  percent. 
Obviously,  the  behavior  of  those  mixtures  is 
fur  from  ideal. 
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Figure  2,  Detonation  Velocity  of  NM- 
PMMAIQMU  Mixtures  Versus  GMli 
Concentration 


The  critical  diameter  of  Ihoao  mlxturoB 
was  not  studied  but  is  likely  to  bo  very  small, 
since,  regardless  of  the  composition,  all  the 
values  in  Figure  I  (oven  Tor  4>  =  14  mm}  Tall  on 
the  same  line. 

One  must  recall  that  the  critical  diame¬ 
ter  of  NM  confined  in  PVC  tube  is  close  to 
16  mm.*  This  shows  the  very  efficient  role  of 
GMH  in  the  detonation  propagation  mech¬ 
anism. 

The  detonation  velocity  of  the  mixtures 
confined  in  30  mm  i.d.  PVC  tubes  is  reported 
in  Figure  2,  as  are  detonation  pressure  mea¬ 
surements  which  were  conducted  using  the 
same  confinement,  A  detonation  velocity  as 
low  us  1500  m/s  is  obtained  with  X  -- 
40  percent,  This  value  is  nearly  40  percent 
lower  than  the  calculated  one.  Mxperimentul 
values  are  far  from  ideal  and,  therefore,  cannot 
be  predicted  by  an  a  priori  calculation  derived 
front  classical  thermochcmical  codes. 


DETONATION  PRESSURE 

Detonation  pressures  of  the  mixtures 
were  measured  by  means  of  the  electromag¬ 
netic  gauge  technique,  which  consists  in 
recording  the  potential  generated  by  a  metallic 
foil  dragged  by  the  detonation  products  inside 
a  magnetic  field. 

UptoX  -  IS  percent,  two  configurations 
of  the  metallic  foil  were  used,  namely,  with  the 
foil  located  (i)  inside  the  explosive  and  (ii)  at 
the  interface  between  the  explosive  and  the 
PMMA  plate  at  the  end  of  the  detonation  tube 
(Figure  3).  All  of  the  results  are  shown  In 
Figure  4.  First,  one  can  observe  that  both 
configurations  loud  to  similar  values  (within 
an  experimental  error  of  about  8  percent). 

As  the  QMB  concentration  increases,  the 
detonation  pressure  decreases  reaching  4  kbar 
at  X  -  40  percent.  These  results  show  that  the 
NM  detonation  characteristics  cun  be  changed 
to  a  large  extent  by  addition  of  a  largo  amount 
of  QMB,  since  neat  NM  detonation  pressure  is 
120  kbar  or  so. 

As  we  already  mentioned,  the  detonation 
pressure  experiments  were  performed  using 
30  mm,  i.d.,  PVC  confinement.  In  this  case  the 
detonation  velocity  is  much  less  than  ideal, 
which  explains  why  the  experimental  values  of 
the  detonation  pressure  are  loss  than  the  Ideal 
ones. 

The  fact  that  experimental  and  calculated 
values  arc  nearly  the  sumo  when  X  =  40 
percent  has  no  significant  physical  meaning. 


Figure  3.  Different  Gauge  Locations  Inside  the 
Detonation  Tube  for  Particle  Velocity 
Measurements 
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FigUie  4.  Detonation  Pressure  of  NM- 
PMMA'iOMH  Mixtures  Versus  QMH 
Vonci^nl  ration 

CONCLUSIONS 

hlxporimunlul  moaBuromunlB  of  Iho 
dctunution  volocilicH  and  prosHuroB  in  NM- 
PMMAi'QMH  mixlurea  ahow  that  It  ia  possibio 
to  change  the  NM  detonation  characteristica 
ov’jr  a  largo  acalo,  reaching  very  low  values 
when  high  OMl)  concenlrationa  are  involved, 

Theae  reaulta  ahow  the  key  role  of  QMB 
on  the  detonation  propagation  mechaniam. 
1'ho  volume  fraction  of  NM  inaide  the  mixture 
defined  with  X  ~  40  percent  is  less  than  1 6 
percent,  Nevertheleaa,  a  acif-austained  detona¬ 
tion  can  propagate  in  theae  mi.\ture.s. 

This  study  is  the  preliminary  step  of  a 
work  in  progress  aimed  at  liie  underatanding 
of  liut  apol  generation. 
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DISCUSSION 

P.  KATSABANIS,  Queen’s  University 
Kingston,  Ontario,  Canada 

What  calibration  parameters  were  used 
for  the  calculations  with  the  BKW  EOS  and  do 
these  parameters  reliably  predict  performance 
of  low  density  explosives? 

REPLY  BY  H.  N.  PRESLES 

We  used  the  parameter  set  fitting  TNT. 
We  know  from  related  studies  that  with  the 
detonation  of  compressed  gaseous  explosives 
those  parameters  lead  to  an  overestimation  of 
the  performances  of  low  density  explosives 
and  so,  with  our  mixtures,  to  an  increasing 
discrepancy  when  increasing  the  glass  micro- 
balloon  concentration, 


DISCUSSION 

A.  VAN  DER  STEEN 
TNO  Prins  Mauri  ts  Laboratory 
The  Netherlands 

Did  you  measure  the  shock  sensitivity  as 
a  function  of  the  microballoon  concentration? 

REPLY  BY  H.  N.  PRESLES 

Such  experiments  are  planned  in  the  near 
fhture.  Right  now  we  can  say  that  the  mixture 
most  concentrated  with  microballoons  (X  = 
40  percent)  upon  which  we  performed  experi¬ 
ments  is  very  shock  sensitive,  since  with  a 
detonation  pressure  of  about  4  kbar  the  ZND 
pic  pressure  is  about  10  kbar. 
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A  MW  experimtfUal  Uchnique  ia  deacribed.  It  allowa  tha  maaauramant 
of  datonation  valocitiaa  of  gaaaoua  axploaiuaa  at  an  initial  praaaura  of 
100  bar  to  BOO  bar,  Tha  datonation  ia  initiatad  by  maana  of  a  aolid 
axploaiva  gaMrating  an  ouerdriuan  datonation  in  tha  gaaaoua  mixtura. 
Tha  valocitiaa  ara  maaaurad  on  aight  aueeaaaiva  aata  ofionixation probaa 
loeatad  along  2  m  long  tubaa,  Their  inaida  diameter  varies.  The 
datonation  ia  rapidly  ataady  except  at  the  upper  limit  of  the  praaaura 
range  where  aide  affacta  occur.  They  ara  probably  due  to  the  proximity 
of  tha  critical  point  of  tha  hydrocarbon,  which  could  lead  to  aome 
haterogeMity  in  tha  mixtura.  It  appaara  that  tha  Parcua  Yavick  EOS  ia 
no  longer  valid,  and  one  muat  uaa  tha  JCZ3  BOS  inataad,  Theaa 
calculated  raaulta  ware  obtained  by  QUATUOR  Code  involving  tha 
Radlich  Kwong  EOS  to  daacriba  the  initial  atata  of  the  mixturea, 


INTRODUCTION 

In  order  to  provide  data  on  the  detonation 
propertiei  of  dense  gaseous  explosive  mixtures, 
an  experimental  investlsatlon  was  undertaken. 
During  the  last  decade^  hydroearbon-oxygen- 
nitrogen  mixtures  in  various  concentrations 
were  studied  at  an  initial  pressure  of  100  bar. 
Simultaneously  a  thermochemical  code 
(QUATUOR  Code*'®)  was  developed.  This  code 
is  based  on  several  equations  of  state  (BOS). 
The  Boltzmann  EOS  together  with  the  Percus 
Yevick  BOS  turn  out  to  yield  detonation 
velocities  that  are  in  good  agreement  with 
experimental  ones.  However,  the  purpose  of 
the  work  in  progress  is  to  check  whether  the 
validity  of  these  BOS  can  be  stretched  to  a 
higher  range  of  density.  In  other  words,  more 
compressed  gaseous  explosives  are  more  likely 
to  substantiate  such  a  range  of  validity. 
Moreover,  one  has  to  fill  a  gap  between  the 
gaseous  explosives  at  ambient  pressure  and 
the  high  explosives.  Such  a  goal  was  that  of 
the  present  study  which  deals  with  gaseous 
explosive  mixtures  at  an  initial  pressure 
ranging  from  100  to  600  bar.  Those  mixtures 
yield  detonation  pressures  on  the  order  of  10  to 


16kbar,  which  may  be  regarded  as  a  gateway 
to  the  field  of  high  explosives. 

Previous  experiments  were  performed  in 
two  different  tubes:  (1)  2  m  long  and  20  mm 
l.d.  and  (2)  4.6  m  long  and  65  mm  i.d.  They 
could  only  withstand  a  pressure  of  7  kbar  and 
3  kbar,  respectively;  therefore,  a  new  tech¬ 
nique  had  to  be  created.  The  mixtures  were 
confined  in  tubes  that  could  only  contain  them 
at  the  initial  pressures  but  were  torn  after  each 
shot.  In  addition,  detonator  #8  turned  out  to 
be  inoperative  when  located  in  an  ambient 
pressure  beyond  160  bar;  therefore,  a  new 
Ignition  device  had  to  be  designed. 

EXPERIMENTAL  FACILITIES 

Several  i.d.  tubes  were  used;  12  mm, 
16  mm,  21  mm,  and  26  mm.  They  were  2  m 
long  with  8  consecutive  sets  of  measurements 
20  cm  in  length  (Figure  1).  This  allowed  a 
check  of  the  stability  of  the  detonation  wave. 
Ionization  pickups,  which  had  to  be  carefully 
adjusted  to  avoid  any  leakage,  were  installed 
for  this  purpose.  The  first  set  was  located  at  a 
distance  of  40  cm  from  the  ignition  point.  Bach 
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Figure  1 .  Sketch  of  the  Detonation  Tube 

gauge  conslated  of  a  central  pin  stuck  in  a 
2  mm  cylindrical  glass  piece  inserted  and  glued 
into  the  tube  wall. 

The  difficulty  encountered  previously, 
concerning  the  inability  of  the  ignition  device 
beyond  po  =  160  bar,  led  to  operation  in  such  a 
way  that  the  triggering  of  the  detonation 
would  be  from  outside  of  the  tube.  For  this 
purpose,  a  1  cm  thick  layer  of  solid  explosive 
was  pasted  around  one  end  of  the  tube  over  a 
length  of  approximately  10  cm.  This  technique 
was  used  previously  by  Sellam  et  al.^  to 
generate  overdriven  detonations,  The  deto¬ 
nation  in  the  outer  explosive  leads  to  the 
formation  of  a  Mach  stem  in  the  inner  core  and 
an  overdriven  detonation  takes  place  in  the 
central  gaseous  explosive. 

As  will  bo  discussed  later,  the  opening  of 
the  confinement  loads  rapidly  to  a  steady  state, 
at  least  beyond  the  first  40  cm  of  propagation. 

Three  difforonl  mixtures  of  slightly  rich 
ethylene-air  were  studied  in  a  range  of  initial 
pressures  varying  from  100  to  600  bar.  The 
mixtures  were  prepared  in  storage  vessels 
using  a  weighing  system’  and  the  composition 
was  checked  by  a  gas  chromatography  analy¬ 
sis. 

A  preliminary  study^  has  shown  the 
feasibility  of  the  whole  experimental  technique 
at  an  Initial  pressure  of  up  to  320  bar. 
However,  several  particular  problems  had  to 
be  solved,  namely,  the  effect,  If  any,  of  the  tube 
diameter  and,  moreover,  to  what  extent  a 
much  higher  initial  pressure  could  bo  reached 
experimentally.  A  pressure  of  600  bar  was  the 
very  highest  that  could  be  expected  since  the 
installation  was  only  designed  to  operate 
safely  to  this  limit. 


EXPERIMENTAL  RESULTS 

Despite  the  strong  ignition  device,  values 
recorded  over  the  dlfleront  sets  of  measure¬ 
ments  were  quite  close  -  less  than  1  percent  - 
at  least  within  the  experimental  uncertainty, 
showing  the  CJ  self-sustained  state  of  the 
detonation.  This  can  be  explained  by  the  rapid 
opening  of  the  confinement  that  occurs  within 
the  first  40  cm  of  the  tube,  prior  to  the  first  set 
of  measurements.  Depending  upon  the  tube 
diameter,  that  is,  upon  its  strength,  one  could 
observe  in  the  lower  range  of  initial  pressure 
some  fluctuations  in  the  velocity  on  the  order 
of  1  percent.  However,  the  average  velocity 
can  be  regarded  as  reliable.  Therefore,  shorter 
tubes  may  be  used  in  the  future. 

Measured  detonation  velocities  are 
reported  on  Figure  2  as  a  function  of  the  Initial 
pressure.  AH  sets  of  values  fall  along  the  same 
line,  and  the  light  change  in  the  equivalence 
ratio  does  not  lead  to  any  significant 
discrepancy.  All  sots  of  data  may  be  regarded 
as  reliable  up  to  an  initial  pressure  of  300  bar 
or  BO.  Beyond  this  value,  the  velocity  exhibits 


Figure  2.  Detonation  Velocity  Va.  Initial 
Pressure 
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large  fluctuations;  the  uncertainty  attached  to 
its  value  is  far  from  what  can  usually  be 
expected,  i.e.,  less  than  1  percent.  For 
instance,  the  values  corresponding  to  Po  =: 
360  bar  and  Po  =:  400  bar  were  exhibiting  fluc¬ 
tuations  on  the  order  of  3  percent.  Although 
they  have  been  reported  on  the  plot,  one  must 
be  very  cautious  as  to  the  reliability  of  such 
data,  Results  obtained  at  a  pressure  of  500  bar 
were  not  reported  in  this  paper  since  all  shots 
provided  values  that  were  unlikely  to  be 
realistic,  i.e.,  D  ~  3000  ±  200  m/s.  This  can  be 
explained  by  the  proximity  of  the  critical 
conditions  with  regard  to  the  initial  state  of 
ethylene  prior  to  each  experiment.  Some  heat¬ 
ing  of  the  mixture  at  a  temperature  of  300  to 
310  K  would  presumably  help  avoid  this 
critical  state  and  favor  a  more  homogeneous 
mixture.  Another  side  ofToct  is  that  of  the  pre¬ 
cursor  wall  waves  with  associated  rarefactions. 
This  phenomenon,  as  described  by  Watson,^ 
may  locally  act  in  such  a  way  that  the 
hydrocarbon  would  undergo  a  change  of  state. 
Anyhow,  this  upper  range  of  initial  pressure 
cannot  yet  yield  reliable  results,  at  least  with 
this  type  of  hydrocarbon. 

In  order  to  chock  the  eventual  role  of  the 
diameter  of  the  tube,  experiments  were  per¬ 
formed  at  a  pressure  P(,  =  200  bar  in  several 
i.d.  tubes.  No  significant  discrepancy  between 
the  measured  values  was  observed,  at  least 
within  the  range  of  uncertainty.  This  result 
loads  to  the  conclusion  that  the  reaction  r.ono 
thickness  is  very  small  compared  to  the  deto¬ 
nation  wave  curvature.  This  is  supported  by  a 
previous  invostigalion  on  the  influence  of 
pressure  on  the  cell  si^o  of  the  detonation 
front.''  It  shows  that  an  extremely  thin  struc¬ 
ture  of  the  detonation  front  cun  be  expected. 

COMPAKISON  WITH  A  PKIOKI 
CALCULATION 

Together  with  Ihese  experimental  values, 
calculated  values  are  reported  on  the  same  plot. 
They  were  obtained  by  moans  of  QUATUOK 
Code**  running  with  Percus  Yevick  KOS  as  well 
as  with  JCZ3  KOS.^  This  former  KOS  was  very 
satisfying  since  it  predicted  the  detonation 
properties  of  most  hydrocarbon-oxygen- 
nitrogen  mixtures  at  initial  pressures  up  to 
too  bar. A  more  simple  one,  Holtzmann 


EOS,  was  also  very  efflcient.  However,  as  the 
plot  shows,  the  Percus  Yevick  BOS  is  no  longer 
valid  "  either  in  terms  of  profile  or  deviation 
with  experimental  data  -  in  a  higher  range  of 
initial  pressure,  unless  its  parameters  are 
thoroughly  adjusted.  But  then  it  would  not  flt 
the  previous  range  of  initial  pressures.  The 
JCZ3  must  be  used  instead,  since  it  yields 
results  in  good  agreement  with  experimental 
data.  This  BOS  was  designed  in  order  to 
describe  the  behavior  of  detonation  products  of 
high  explosives;  therefore,  its  validity  in  the 
present  case  is  not  totally  surprising,  although 
the  detonation  pressure  is  one  order  of 
magnitude  less  than  that  of  high  explosives. 
As  a  reference,  the  calculation  providing 
detonation  pressure  as  a  function  of  initial 
pressure  is  presented  in  Figure  3  for  the 
present  mixtures. 


I*  (OAltS) 

Figure  3.  Computed  CJ  Prennure  Vs,  Initial 
Pressure 


Thermodynamic  data  used  in  the 
calcululiunH  of  the  detonation  velocities  wore 
those  provided  by  Gordon  and  McBride  poly¬ 
nomial  forms,  which  have  boon  extensively 
detailed  in  previous  papers.’’'*'***** 

The  calculation  was  performed  consider¬ 
ing  fresh  mixtures  at  a  temperature  of  283  K. 
Moreover,  the  initial  state  of  the  mixture  was 
calculated  using  a  real  gas  KOS,  that  of 
Kedlich  Kwong.  It  is  fairly  suited  for  mixtures 


at  prcBBurea  less  than  1000  bar;  moreover,  ita 
formulation  Ib  quite  simple  and  the  required 
data  are  solely  the  critical  pressure  and 
temperature  of  each  pure  component.  We  used 
a  combination  rule  to  obtain  these  critical 
parameters  with  regard  to  the  mixture.  This 
rule  has  been  detailed  in  a  previous  paper 
and  leads  to  satisfying  results.  It  appears  that 
a  calculation  ignoring  this  real  gas  behavior  of 
the  fresh  mixture  would  be  unrealistic  and 
would  not  allow  any  reliable  comparison  of 
both  calculated  and  experimental  values.  This 
was  a  key  point  ih  the  buildup  of  the 
thermochemical  code,  The  calculated  results 
presented  in  this  paper  were  based  on  the 
assumption  that  detonation  products  only  yield 
gaseous  species.  A  different  statement  led  to  a 
greater  discrepancy  between  both  sets  of  data. 

SUMMARY  AND  CONCLUSION 

Detonation  velocities  were  measured  in 
dense  gaseous  explosive  mixtures  at  a  pressure 
in  the  range  from  pu  =  1 00  bar  to  po  -  600  bar 
in  various  slightly  rich  ethylene-air  mixtures. 
Their  equivalence  ratios  were  very  close  to  one 
another,  which  provided  some  check  on  the 
repeatability  of  the  measurements.  These  mix¬ 
tures  were  detonated  in  the  same  way  as  high 
explosives,  that  is,  using  a  weak  confinement 
that  could  merely  withstand  the  initial 
pressure.  They  v/ere  ignited  by  means  of  solid 
explosive  generating  an  overdriven  detonation. 
It  was  observed  that  the  detonation,  once 
propagating  over  a  few  tens  of  cm,  slowed  down 
to  a  steady  CJ  state.  This  was  checked  through 
eight  successive  sets  of  measurements.  Data 
obtained  at  the  highest  levels  of  pressure  -  i.e., 
Po  =  400  bar  and,  more  particularly,  Po  =  500 
bar,  may  be  regarded  as  less  reliable,  since  one 
has  to  be  cautious  about  the  homogeneity  of 
such  mixtures  where  the  hydrocarbon  is  likely 
to  be  in  a  state  close  to  the  critical  one. 

Nevertheless,  a  reliable  comparison  could 
bo  made  on  the  basis  of  calculated  values  pro¬ 
vided  by  QUATUOR  Code  running  with  ^th 
Percus  Yevick  and  JCZ3  EOS.  The  latter  turns 
out  to  yield  a  satisfactory  agreement  with 
experimental  values.  Its  validity  can,  there¬ 
fore,  be  stated  in  a  range  of  pressure  -  from  10 
to  16  kbar,  one  order  of  magnitude  less  than 
,  that  for  which  it  had  been  designed.  The 


results  show  the  feasibility  of  this  new  setup 
and,  presumably,  should  provide  new  data  in 
the  near  future.  It  may,  therefore,  be  regarded 
as  a  reliable  technique  to  generate  detonation 
pressures  on  the  order  of  those  obtained  by 
means  of  inhibited  high  explosives.  This 
would  make  a  continuum  in  the  knowledge  of 
both  gaseous  explosives  at  atmospheric  pres¬ 
sure  and  high  explosives. 
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DISCUSSION 

J.  KURY,  Lawrence  Livermore 
National  Laboratory,  Livermore,  CA 

Additional  information  on  EOS  could 
easily  be  obtained  by  measuring  the  wall 
velocity  of  the  confining  tube  with  a  technique 
similar  to  that  used  in  the  cylinder  test  for 
solid  explosives. 

REPLY  BY  P.  BAUER 

This  type  of  information  would  indeed  be 
interesting  to  collect.  However,  since  it  would 
require  the  observation  of  the  wall  velocity,  we 
could  not  perform  these  experiments  in  the 
present  range  of  initial  pressures.  The  opening 
of  the  conAnement  started  to  be  compared  to 
that  of  a  solid  explosive  at  initial  pressures 
beyond  300  bar.  In  the  lower  range  of  initial 
pressures,  we  sometimes  observed  a  partially 
torn  tube.  However,  we  do  believe  that  such 
experiments  could  be  conducted  in  the  future 
for  higher  values  of  the  initial  pressure. 

DISCUSSION 

J.  ROTH,  Consultant 
Portola  Valley,  CA 

Did  you  calculate  initial  gas  densities 
using  realistic  equations  of  state?  Also,  were 
there  any  Pcj  measurements  made? 

REPLY  BY  P.  BAUER 

The  calculation  of  initial  gas  densities  is 
part  of  the  thermochemical  code  QUATUOR. 
It  is  a  key  point  in  the  code  since  the  com¬ 
pressibility  effects  start  to  play  a  prominent 
role  beyond  an  initial  proKSure  of  the  order  of 
few  tens  of  bar.  The  equation  of  state  used  for 
this  purpose  is  that  of  Redllch  and  Kwong 
(refer  to  Kemp,  M,  K.  et  al.,  J.  Chem.  Educ., 
62(12),  1976,  pp.  802-803). 

We  have  not  performed  any  reliable  CJ 
measurements.  However,  the  CJ  detonation 
pressure  has  been  calculated  on  the  basis  of  the 
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inverse  method.  A  detailed  description  of  this 
method  is  provided  in  the  following  reference: 
P.  A.  Bauer  et  al.,  A. I. A. A.  Progress  in 
Astronautics  and  Aeronautics,  Vol.  114,  1988, 
pp.  64-76. 

DISCUSSION 

H.  GRYTING,  Gryting  Energetics 
Sciences  Company,  San  Antonio,  TX 

Have  you  determined  any  detonation 
limits  for  ethylene  in  air?  What  other  fuels 
have  you  studied? 

REPLY  BY  P,  BAUER 

We  did  not  observe  any  detonation  limit 
in  ethylene-air  mixtures.  The  only  problem 
was  the  detonation  velocity  fluctuations  in  the 
higher  range  of  initial  pressures,  as  mentioned 
in  the  paper.  We  believe  that  such  limit  is 
unlikely  to  occur,  due  to  particularly  small  size 
of  the  cells  in  that  case.  This  is  the  reason  why 
the  diameter  effect  is  not  anymore  noticeable 
at  initial  pressures  higher  than  10  bar. 

We  performed  a  great  number  of  experi¬ 
ments  in  various  hydrocarbon  oxygen  mixtures 
more  or  less  diluted  in  nitrogen.  These  were 
CH4,  C2H4,  C3H6,  CaHy,  Ha,  as  well  as  various 
compositions  of  CH4  •  CaHe  and  CH4  -  CaHg 
(supposed  to  exhibit  the  same  behavior  as 
natural  gas)  and  CH4  •  CaHa  -  Ha. 

DISCUSSION 

W.  BYERS  BROWN,  University  of 
Manchester,  De^t.  of  Chemistry 
Manchester,  United  Kingdom 

I  would  like  to  ask  Dr.  Bauer  how  the 
various  intermolecular  potential  parameters 


appearing  in  the  various  equations  of  state 
used  in  the  theoretical  comparisons  with 
experiment  were  chosen. 

REPLY  BY  P.  BAUER 

Most  of  the  equations  of  state  (EOS)  we 
used  in  the  code  are  based  on  a  virial 
development,  either  in  a  straightforward  form, 
like  in  Boltzmann  EOS,  or  in  form  of  a 
summation,  like  in  Percus  Yevick  EOS. 
Concerning  the  description  of  the  molecular 
interactions,  two  different  approaches  were 
made;  either  a  simple  one  where  only  like 
molecules  interactions  are  considered,  or  a 
more  sophisticated  one  like  that  involved  in 
JCZ3  EOS,  for  instance.  In  any  case,  we  used 
data  that  are  available  in  the  literature  either 
for  the  intermolecular  potential  exponent 
regarding  the  molecular  interaction  distance 
or  energy  involved  in  the  reduced  temperature. 
In  order  to  fit  experimental  data,  a  degree  of 
freedom  was  kept  using  an  acOustable  param¬ 
eter  in  the  average  interaction  distance  as 
suggested  by  Edwards,  J.  C.  and  Chaiken,  R. 
P.;  Comb,  and  Flame,  Vol.  22, 1974,  p.  269. 

In  the  case  where  extremely  high 
pressures  are  concerned,  namely  beyond 
lOOkbars,  the  Morse  potential  is  supposed  to 
give  a  good  description  of  the  interaction 
phenomenon.  However,  due  to  the  lower  range 
of  pressure  with  which  we  are  confronted,  we 
did  not  use  this  form.  We  kept  the  form 
suggested  by  the  authors  from  whom  we  chose 
the  EOS.  One  may  find  a  thorough  description 
of  these  parameters  in  References  1  and  2  of 
the  present  paper. 
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DETONATION  TEMPERATURE  OF  SOME  LIQUID 
AND  SOLID  EXPLOSIVES 


Y.  Kato,  N.  Mori,  and  H.  Sakai 
Chemioala  and  Explotivat  Laboratory 
Nippon  Oil  and  Fata  Co.,  Ltd. 
Taketoyo,  Aichi  470-28,  JAPAN 

and 

T.SakuraiandT.Hikita 
Fukui  Inatitute  of  Technology 
Oakuen,  Fukui  010,  JAPAN 


Detonation  temperature  of  liquid  exploeives  containing  Hydrazine 
Nitrate  and  solid  explosives  at  various  initial  densities  was 
investigated  with  a  four-color  pyrometer.  The  liquid  explosives 
containing  Hydrazine  Nitrate  were  chosen  as  representative  of  H-N-0 
composition,  The  experimental  results  show  that  the  detonation 
products  ofH-N-O  composition  radiate  like  a  blackbody.  It  uxu  shown 
that  the  measured  detonation  front  temperatures  of  solid  explosives  are 
almost  constant  within  an  experimental  error,  in  the  range  of  initial 
density  investigated.  The  measured  detonation  front  temperatures  of 
solid  exploeives  were  compared  with  CJ  temperatures  calculated  using 
various  types  of  equations  of  state.  Good  agreement  was  obtained 
between  the  measured  and  calculated  values. 


INTRODUCTION 

It  Is  important  to  know  the  detonation 
characteristics  of  high  explosives  from  both  a 
practical  and  a  theoretical  point  of  view. 
Detonation  temperature  may  be  the  most 
important  parameter  fur  understanding 
chemical  kinetics  in  the  reaction  zone  and  the 
thermodynamic  state  of  detonation  products. 

At  present,  for  various  applications,  the 
detonation  characteristics  can  bo  predicted 
using  thermo-hydrodynamic  computer  codes 
with  various  types  of  equations  of  state  for 
detonation  products.  It  is  well  known  that  the 
detonation  velocity  and  pressure  are  less 
dependent  on  the  type  of  equation  of  state. 
Measurements  of  detonation  temperature  are 
very  important  as  criteria  to  check  the  validity 
of  equation  of  state. 

Recently,  it  has  been  proven  that  temper¬ 
ature  measurements  by  optical  techniques  are 


very  useful  tools  in  detonation  study;  signif¬ 
icant  contributions  have  been  made  by 
Urtiew,*  Burton  et  al.,^  and  Kato  et  al.^'*^  In  a 
previous  paper,^  it  was  shown  that  optical 
techniques  can  be  used  to  measure  the 
temperature  of  detonation  products  of  solid 
explosives.  In  this  study,  we  applied  the  tem¬ 
perature  measurements  by  optical  pyrometer 
to  liquid  explosives  containing  Hydrazine 
Nitrate  and  solid  explosives  at  different  initial 
density.  The  measured  detonation  tempera¬ 
tures  were  compared  with  CJ  temperatures 
calculated  using  various  types  of  equations  of 
state.  Ck)od  agreement  was  obtained  between 
the  measured  and  calculated  detonation 
temperatures. 

EXPERIMENT 

Temperature  measurements  were 
obtained  using  a  four-color  pyrometer  shown  in 
Figure  1.  The  four-color  pyrometer  consists  of 
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Table  1.  Properties  of  HN/H2O  and  HN/HH 
Solutions 


IntarCtrano*  {tUar 


TIN  photodloila 


aialUoieapa 


Explosive 

Composition 

(wt.%) 

Fudge 

Point 

(X) 

Initial 

Temp. 

CO 

HN/H2O 

96/6 

60 

65-70 

90/10 

60 

66-60 

86/16 

40 

45-60 

80/20 

30 

36-40 

HN/HH 

76/26 

. 

20-26 

70/26 

- 

20-26 

65/36 

- 

20-26 

60/40 

20-26 

66/45 

- 

20-26 

Figure!,  Experimental  Setup 


HN:  Hydrazine  Nitrate  -  N2H4  -HNOa 
HH:  Hydrazine  Hydrate  -  N2H4  •H2O 


condensing  optics,  optical  fibers,  interferential 
filters  (center  wavelength  X  -  0.65,  0.76,  0.86, 
and  0.96  pm;  band  width  at  half  peak  trans¬ 
mission  ^X  £:  0.01  and  0.07  pm),  PIN  photo¬ 
diodes,  and  an  amplifier.  Radiation,  emitted 
from  the  area  of  1  mm  in  diameter  on  the 
advancing  detonation  front  or  detonation  prod¬ 
ucts,  was  focused  on  one  end  of  the  optical 
fibers  by  a  condensing  lens.  The  output  of  the 
amplifier  was  recorded  by  digital  recorder 
(Sony-Tektronlx  390  AD)  via  coaxial  cables 
and  60  ohm  loud  resistors.  The  rise  time  of  the 
overall  system  was  measured  to  be  less  than 
10  nsec.  The  calibration  of  the  four-color 
pyrometor  was  performed  with  a  tungsten 
ribbon  lamp  and  a  carbon  arc. 

Liquid  explosives  studied  were  Hydrazine 
Nitrate  (HN)/Water  (H2O)  and  HN/Hydrazine 
Hydrate  (HIl)  solutions.  Composition  of  the 
liquid  explosives  is  presented  in  Table  1.  Those 
liquid  explosives  were  chosen  as  representative 
of  the  H-N-0  composition.  Liquid  explosives 
were  contained  in  glass  tubes  to  avoid  contact 
with  metal  (PMgure  2).  The  initial  temperature 
of  liquid  explosives  was  maintained  at  a 
temperature  6-1  OX  higher  than  its  fudge  point 
(Table  1). 

Solid  explosives  studied  were  TNT, 
Tetryl,  and  RDX  which  were  loaded  in  PVC 
tube  (60  mm  long,  20  mm  in  diameter)  by  hand 
press  to  the  desired  initial  density.  The 
properties  of  solid  explosives  are  presented  in 


Figure  2.  Detonation  Tube 


Table  2.  The  PVC  tube  had  a  10-mm  thick 
transparent  anvil  (pyrox  glass)  at  one  end  and 
a  booster  charge  at  the  other.  The  transparent 
anvil  was  pressed  to  the  end  surface  of  the  solid 
explosives  to  avoid  voids  at  the  interface 
between  explosive  and  anvil.  The  dotonation 
tube  was  placed  in  an  explosion  chamber 
whore  the  internal  pressure  was  reduced  to  20- 
30  mm  Hg  for  each  shot. 

KiilSULTS  AND  DISCUSSION 

Detonation  Temperature  of  HN/H2O  and 
HN/HH  Solutions 

Figure  3  shows  a  typical  record  of  tem- 
puraluro  moasuremenlsof  the  IIN/HM  solution 
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Radiation  In 


Table  2.  Properties  of  Solid  Exploaivee 


Explosive 

Formula 

Initial  Density 

TNT 

2,4,6  Trinitrotoluen 

CvHftNaO® 

1.0  ±0.02  (g/cm^) 

1.2  ±0.02 

1.4±0.02 

1.61  ±0.01 

Tetryl 

N-Methyl-N,2,4,6-tetranitroaniline 

C7H5N6O8 

1.0±0.02 

1.2±0.02 

1.4  ±0.02 

1.61  ±0.01  (cont.  l.Owt.%  graphite) 

RDX 

Cyclotrlmethylene  trinitramine 

CsHeNeOe 

1.0±0.02 

1.2±0.02 

1.4±0.02 

1.66  ±0.01  (cont.  6.4wt.%  wax) 

(HN/HH  maaa  ratio;  70/30).  It  ii  ahown  that 
during  tha  flrat  1  paec,  the  detonation  wave 
waa  in  an  overdriven  atate,  and  afterward  it 
propagated  at  a  ateady  atate  (detonation 
velocity  ~  8200  m/s).  The  detonation  front 
Interacted  with  the  tranaparent  anvil  at  about 
7.6  pa  after  initiation.  The  measured  deto¬ 
nation  ft'ont  temperatures  were  2630  ±  100  K 
for  four  wavelengths.  In  the  case  of  HN/HH 
solutions,  very  stable  detonation  waves  were 
obtained  in  the  HN  mass  ratio  range  of  56- 
76  percent.  Figure  4  presents  a  typical  record 
of  temperature  measurements  of  the  HN/H2O 
solution  (HN/H2O  mass  ratio;  86/16).  After 
initiation,  a  steady  detonation  wave  propa¬ 
gated,  although  localized  failure  waves  were 
produced.  These  localized  failure  waves  were 
observed  in  all  HN/H2O  solutions  studied. 
Detonation  failure  occurred  when  the  HN  mass 
ratio  became  less  than  76  percent  in  the  case  of 
HN/HaO  solutions.  For  all  IIN/HaO  and 
HN/HH  solutions  investigated,  the  measured 
detonation  front  temperatures  showed  no 
particular  wavelength  dependence  within  the 
accuracy  of  the  measurements.  The  results 
indicate  that  the  detonation  products  of  H-N-0 
compositions  provide  high  optical  thickness 
and  radiate  as  a  blackbody. 


Figure  3,  Typical  Record  of  Temperature  The  measured  detonation  front  tempera- 

Meaeuremente  of  Detonation  in  HN/HH  turesofHN/HaOandHN/HHsolutionsaresum- 
Solution(HNIHH  Mass  Ratio;  70/30)  marized  in  Figure  6,  and  comparod  with  CJ 
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Tima  (mioro  aae) 


Figure  4,  Typical  Record  of  Temperature 
Meaeurcmenta  of  Detonation  in 
Solution  (HWHgO  Mata  Ratio:  83/ W 


tompQraturoB  calculated  using  KHT  equation  of 
state.  It  is  shown  that  the  measured  detonation 
front  temperatures  decrease  linearly  with  the 
decrease  of  HN  mass  ratio.  Good  agreement 
between  the  measured  detonation  front 
temperatures  and  calculated  CJ  temperatures 
was  obtained  in  the  case  of  HM/IIH  solution... 
However,  a  discrepancy  of  more  than  1000  K 
was  observed  between  the  measured  and  calcu¬ 
lated  results  in  the  case  of  HN/H^O  solutions. 

After  the  detonation  front  arrived  at  the 
transparent  anvil,  a  reflected  shock  or  rare¬ 
faction  wave  propagated  into  detonation 
products,  due  to  the  difference  of  shock 
impedance  between  the  detonation  products 
and  the  transparent  anvil.  For  HN/H^O  and 
HN/HH  solutions  invostlgated,  the  shock 
impedance  of  the  detonation  products  is  very 


Figure  5.  Summary  of  Measured  and 
Calculated  Detonation  Front  Temperaturet  of 
HN/HgO  and  HN/HH  Solutions 

close  to  that  of  pyrex  glass.^  In  the  case  of 
HN/HH  solutions,  a  temperature  increase  of 
more  than  300  K  was  observed  at  all 
wavelengths  after  the  interaction  between 
detonation  fVont  and  transparent  anvil.  It  is 
impossible  to  explain  such  a  high  temperature 
increase  by  the  effects  of  difference  of  shock 
impedance. 

Detonation  Temperature  of  TNT,  Tetryl, 
and  RDX 

Figure  6  shows  a  typical  record  of  temper¬ 
ature  measurements  of  TNT  (initial  density 
1.2  and  1.61  g/cm^).  Because  solid  explosives 
are  opaque,  the  four-color  pyrometer  begins  to 
record  the  radiation  emitted  from  the 
detonation  wave  when  the  detonation  front 
approaches  the  transparent  anvil.  During  the 
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Figure  6,  Typical  Record  of  Temperature 
Meaaurementa  of  TNT  Detonation 


first  0.2  -  0.6  radiation  intensity  increases 
exponentially  with  the  decrease  of  radiation 
absorption  by  the  unreacted  explosive,  and  it 
attains  its  maximum  when  the  detonation 
fVont  interacts  with  the  transparent  anvil.  The 
duration  of  this  peak  is  less  than  0.2  ps.  It  is 
erroneous  to  deduce  the  detonation  front  tem¬ 
perature  from  this  peak  because  of  possible 
effects  of  voids  contained  in  the  heterogoneous 
solid  explosives.  After  the  interaction  between 
detonation  front  and  transparent  anvil,  the 
temperature  of  detonation  products  at  the 
interface  is  measured,  and  It  decreases 
gradually  because  of  a  Taylor  wave  behind  the 
detonation  front. 

In  the  previous  paper, ^  it  was  shown  that 
the  time  variation  of  measured  temperatures 
of  detonation  products  of  solid  explosives 


agrees  with  the  results  of  numerical  simu¬ 
lation  by  the  2DL  hydrodynamic  code  using  the 
KHT  equation  of  state.  Prom  the  comparison 
between  the  measured  and  calculated  time 
variation  of  detonation  products’  tempera¬ 
tures,  the  detonation  front  temperature  of  sclld 
explosives  was  evaluated.  In  this  study,  a 
similar  procedure  was  applied  to  TNT,  Tetryl, 
and  RDX  at  different  initial  densities. 

The  time  variations  of  measured  detona¬ 
tion  products'  temperature  of  TNT  are  shown 
in  Figure  7.  Time  variations  of  measured 
detonation  products’  temperature  are  very 
similar  in  the  range  of  initial  density 
investigated.  For  TNT  at  an  Initial  density  of 
1.51  g/cm^,  the  measured  temperature  of 
detonation  products  are  compared  with  calcu¬ 
lated  values.  Ck>od  agreement  was  obtained 
between  the  measured  and  calculated  results. 
The  temperature  of  detonation  products  is 
slightly  increased  by  reflected  shock,  because 
the  shock  impedance  of  pyrox  glass  is  higher 
than  that  of  detonation  products  of  TNT.  To 
verify  the  influences  of  the  transparent  anvil 
material,  temperature  measurements  were 
obtained  using  pyrex  glass,  sapphire,  and 
lithium  fluoride  (LiF)  as  an  anvil,  in  the  case  of 
the  Nitromethane.  In  the  case  of  the  sapphire 
end  LiF  anvil,  a  higher  temperature  increase 
by  reflected  shock  was  observed  because  of  the 
higher  shock  Impedance  of  these  materials. 
However,  the  effect  on  the  time  variation  of 
detonation  products’  temperature  was  negligi¬ 
bly  small.  From  the  time  variation  of  measured 
detonation  products’  temperature,  detonation 
front  temperatures  of  TNT  are  determined. 
They  are  summarized  in  Figure  8.  The 
measured  detonation  front  temperatures  of 
TNT  decrease  slightly  with  the  decrease  of 
initial  density  in  the  range  of  tho  initial 
density  investigated.  They  ara  compared  with 
CJ  temperatures  calculated  using  various 
types  of  equations  of  state  (Figure  8).  Good 
agreement  was  obtained  between  the 
measured  detonation  front  temperatures  and 
calculated  CJ  temperatures. 

The  time  variations  of  measured  detona¬ 
tion  products’  temperature  of  Tetryl  and  RDX 
are  very  similar  to  those  of  TNT.  The  meas¬ 
ured  detonation  front  temperatures  of  Tetryl 
and  RDX  are  summarized  in  Figures  9  and  10. 
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Figure  7,  Time  Variation  of  Detonation  Products  Temperature  of  TNT 


Figure  8,  Comparison  of  Measured  Detonation 
Front  Temperatures  and  Calculated  CJ 
Temperatures  of  TNT 


They  are  compared  with  CJ  temperatures 
calculated  using  various  types  of  equations  of 
state  (Figures  9  and  10).  Good  ugreemont  was 
obtained  between  the  measured  detonation 
front  temperatures  and  calculated  CJ 
temperatures 

CONCLUSIONS 

Detonation  front  temperatures  of  IIN/ 
II2O  and  MN/HM  solutions  wore  measured 


Figure  9.  Comparison  of  Measured  Detonation 
Front  Temperatures  and  Calculated  CJ 
Temperatures  ofTetryl 


with  a  four-color  pyrometer.  The  measured 
detonation  front  temperatures  present  no 
particular  wavelength  dependence  within  the 
accuracy  of  measurements.  The  results 
indicate  that  the  detonation  products  of  H-N  0 
composition  radiate  as  a  blackbody.  Good 
agreement  between  the  measured  detonation 
front  temperatures  and  CJ  temperatures 
calculated  using  the  KMT  equation  of  state 
was  obtained  in  the  case  of  HN/HH  solutions. 
However,  a  discrepancy  of  more  than  1000  K 
was  observed  between  the  measured  and 
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T  (K) 


Figure  10.  Comparison  of  Measured  Detona¬ 
tion  F'ront  Temperatures  and  Calculated  CJ 
Temperatures  ofRDX 

calculated  resullB  In  the  case  of  HN/HaO 
Boluiiona, 

Detonation  front  temperatures  of  TNT, 
Tetryl,  and  RDX  at  various  initial  donsltlos 
were  measured  with  a  four-color  pyrometer. 
The  measured  detonation  front  temperatures 
of  these  solid  explosives  are  almost  constant 
within  the  accuracy  of  measurements,  in  the 
range  of  initial  density  investigated.  The 
measured  detonation  front  temperatures 
present  good  agreement  with  CJ  temperalures 
calculated  using  various  types  of  equations  of 
state.  The  results  indicate  the  capability  of  the 
optical  technique  to  measure  the  detonation 
temperature  of  hetorogeneous  solid  explosives 
at  low  initial  density. 
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J.  A.  MORGAN 

Los  Alamos  National  Laboratory 
Los  Alamos,  NM 

Si02  end  window  problem  - 

1.  The  anomalously  high  temperature  seen  at 
the  end  of  the  temperature  measurement  on 
transparent  explosives  may  be  due  to  omission 
of  light  from  the  pyrex  end  window.  Si02 
collapses  into  coeslte  and  stishovito  on 
compression.  The  volume  change  and,  hence, 
the  PAY  on  compression  Is  quite  largo.  The 
accompanying  temperature  changes  in  the 
pyrex  window  may  have  become  brighter  than 
the  temperature  of  the  reflected  shock  in  the 
detonation  products,  thus  explaining  the 
anomaly. 

2.  The  graph  showing  temperature  of 
detunalion  products  in  solid  explosives 
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indicates  different  temperatures  at  different 
wavelengths.  One  possible  explanation  of  this 
observation  is  that  the  optical  density  of  the 
detonation  products  varies  with  wavelength, 
and  their  measurement  is  looking  at  differing 
regions  of  the  reshocked  detonation  products. 

REPLY  BY  Y.  KATO 

1.  CJ  pressures  of  HN/HH  and  HN/H2O 
solutions  are  in  the  range  of  16^25  QPa,  and  CJ 
states  of  these  solutions  are  very  close  to  shock 
Kugoniot  of  pyrex  glass.  1  Presoure  of  shock 
compressed  pyrex  glass  is  estimated  to  be  In 
the  range  of  16-26  QPa.  According  to  reference 
1,  shock  Hugoniot  of  pyrex  glass  is  practically 
identical  to  that  of  fused  quartz,  Recently, 
shock  properties  of  fused  quartz,  particularly 
radiation  properties  of  shock  compressed  fused 
quartz  were  studied  by  several  authors.!2>3>4<5 
Calculated  shock  temperature  and  measured 
brightness  temperature  of  fused  quartz  com¬ 
pressed  to  the  pressure  range  of  16-26  QPa 
were  respectively  less  than  2100K  and 
IBOOK, and  were  much  lower  than 
measured  detonation  front  temperatures  of 
HN/HH  and  HN/H20  solutions.  At  the  pres¬ 
sure  below  26  OPa,  radiation  intensity  from 
shock  compressed  fused  quartz  increases  very 
gradually  with  time,  which  is  characteristic  of 
radiation  from  partially  transparent  mate- 
rialB.2>4  The  anomalously  high  temperature 
at  the  end  of  the  temperature  measurement 
was  observed  only  in  the  case  of  HN/HH 
solutions,  and  it  was  not  observed  in  the  case 
of  HN/II2O  solutions.  It  is  difTicull  to  consider 


that  light  emission  from  shock  compressed 
pyrex  glass  is  the  cause  of  the  anomalously 
high  temperature  seen  at  the  end  of  the 
temperature  measurement. 

2.  The  precision  of  calibration  of  our 
pyrometer  is  ±  lOOK  at  ~3400K.  The  measured 
temperatures  do  not  present  particular 
wavelength  dependence.  It  is  difficult  to  refer 
the  observed  temperature  difference  at 
different  wavelength  to  the  nature  of  the 
detonation  products. 

REFERENCES  TO  REPLY 

1.  LASA  Shock  Hugoniot  Data,  University 
of  California  Press,  CA,  1983. 

2.  Sugiura,  H.;  Kondo,  K.;  and  Sawaoka,  A., 
"Shock  Temperatures  in  Fused  Silica 
Measured  by  Optical  Technique,”  J,Appl, 
Phya.,  63(6),  Jun  1982,  pp.  4612-4614. 

3.  Kondo,  K.  and  Sawaoka,  A.,  "Electrical 
Measurements  on  Fused  Quartz  under 
Shock  Compression,”  J,  AppL  Phya., 
62(8),  Aug  1981,  pp.  6084-6089. 

4.  Kondo,  K.i  Ahrens,  T,  J,;  and  Sawaoka, 
A.,  "Shock-Induced  Radiation  Spectra  of 
Fused  Quartz,” «/.  AppL  Phya.,  64(8),  Aug 
1983,  pp.  4382-4386. 

6.  Brannon,  P.  J.;  Konrad,  C.  H.;  Morris,  R. 
W.;  Jones,  E.  D,;  and  Asay,  J.  K., 
"Spectral  and  Spatial  Studies  of  Shock- 
Induced  Luminescence  from  Quartz,” 
Sandia  Report  SAN082-2469, 1983. 


946 


THE  STUDYING  OF  DETONATION  TEMPERATURES  OF  SOLID  HIGH 

EXPLOSIVES 
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]Uan  Modern  Chemiatry  Research  Institute 
Xian,  CHINA 


Detonation  temperatures  of  solid  high  explosives  (TNT,  Tetryl,  PETN, 
RDX  and  HMX)  have  been  determined.  In  order  to  estimate  the 
accuracy  of  the  results,  the  effects  of  density,  impedance  matching,  and 
void  gas  on  the  temperature  measurements  were  studied.  The 
measured  temperatures  were  compared  with  the  calculated  results 
using  various  types  of  equations  of  state. 


INTRODUCTION 

It  is  important  to  know  the  detonation 
temperature  of  solid  high  explosives  in  the 
study  of  high  explosives.  In  practical 
applications,  the  knowledge  of  detonation 
temperature  is  helpful  for  us  to  predict  and 
control  the  performance  of  explosives. 

Currently,  it  is  well-known  that 
detonation  characteristics  can  be  predicted  by 
using  thermo-hydrodynamic  computer  codes 
with  various  types  of  equations  of  state  for 
detonation  products  in  practical  applications. 
Detonation  velocity  and  pressure  are  less 
dependent  on  the  type  of  equation  of  state. 
Measurement  of  detonation  temperature  is 
very  important;  it  can  be  taken  as  criteria  to 
check  the  validity  of  equations  of  state. 
Unfortunately,  there  are  fbw  measured  data 
on  detonation  temperature  and  no  measure¬ 
ments  of  detonation  temperature  for  many 
high  explosives. 

Recently,  it  has  been  proven  that  the 
measurements  of  detonation  temperature  by 
optical  technique  are  a  very  useful  means  in 
detonation  study.  Initial  attempts  to  measure 
detonation  temperature  of  high  explosives 
were  made  by  Gibson  el  aP  followed  by 
several  investigators.^®  However,  in  these 
studies  tho  meusurements  were  mainly  limited 
to  transparent  liquid  explosives  or  explo¬ 
sive  mixtures,  and  the  measured  detona¬ 
tion  front  temperatures  were  referred  to  C-J 


temperature  according  to  the  physical 
consideration. 

Measurement  of  detonation  tempera¬ 
ture  of  solid  explosives,  which  are  essentially 
opaque  and  granular,  is  very  difficult.  In 
this  study,  the  detonation  temperatures  of 
solid  high  explosives  (TNT,  Tetryl,  PETN, 
RDX,  and  HMX)  were  determined  using 
the  optical  technique.  In  addition,  the  effects 
of  the  charge  density,  impedance  matching, 
and  void  gas  on  the  temperature  measure¬ 
ments  were  studied.  In  the  end,  the  measured 
temperatures  were  compared  to  the  cal¬ 
culated  results  using  several  equations  of 
state. 

EXPERIMENT 

Detonation  temperature  of  solid  high 
explosives  was  measured  with  a  two-color 
pyrometer  similar  to  that  described  in  the 
previous  work.® 

The  explosives  we  studied  in  the 
experiment  were  TNT,  Tetryl,  PETN,  RDX, 
and  HMX.  The  properties  of  these  explosives 
are  presented  in  Table  1.  The  pressed  charges 
were  made  in  two  slices;  one  was  20  mm  in 
diameter  by  20  mm  length,  and  tho  other 
30  mm  in  diameter  by  30  mm  length.  Two  or 
three  pieces  of  these  charges  were  assernblod 
in  a  plastic  tube  80  mm  long,  20  mm  (or 
30  mm)  in  diameter,  and  3  mm  thick. 
Covering  over  samples  with  transparent 


947 


Table  1.  Properties  of  Solid  High  Explosives 
Studied 


Name 

Formal 

Composition 

TNT 

C7H5N3OS 

Tetryl 

C7H5N60g 

PETN 

C6Hf)N40i2 

RDX 

CaHeNeOg 

6  wt.  %  wax 

HMX 

C4HgNgOg 

6  wt.  wax 

medium  not  only  eliminated  the  influence  of 
luminescence  of  airshock  waves  on  the  results, 
but  also  improved  the  impedance  matching. 

RESULTS 

Figure  1  presents  typical  records  of 
temperature  measurement  of  RDX.  Because 
solid  explosives  are  opaq'  e,  the  two-color 
pyrometer  begins  to  record  the  radiation 
emitted  from  the  detonation  wave  when 
the  detonation  front  approaches  the  trans¬ 
parent  medium.  During  the  first  0.2  psec., 
radiation  intensity  increases  exponentially 
as  radiation  absorption  by  unreacted  explo¬ 
sives  decreases,  and  radiation  attains  its 
maximum.  The  duration  of  this  peak  is  less 
than  0.1  psec.  Thus  the  time  history  of  meas¬ 
ured  temperature  of  detonation  products  is 
recorded. 


10  rar/dlv 
0.1  Ma/dlv 

6940  A 


10  mv/dlv 
0.1  Ma/dlv 

4880  A 


EFFECT  OF  CHARGE  DENSITY 
ON  THE  TEMPERATURE 
MEASUREMENT 

The  detonation  temperatures  of  several 
densities  of  explosives  in  Table  1  have  been 
determined.  Figure  2  shows  the  results  of 
different  densities  of  PBTN.  In  the  experi¬ 
ment,  we  prepared  PETN  charges  with 
densities  of  pi  =  1.62  ±  0.01  g/cm®,  P2  =  1.66 
±  0.01  g/cm®.  p3  =  1.71  ±  0.01  g/cm®,  and  p4 
=:  1.78  g/em,  respectively.  We  observed  the 
time  histories  of  measured  temperature  of 
detonation  products.  In  Figure  2,  curves  1,  2, 
3,  and  4  represent  the  relations  between 
temperature  and  time  at  different  densities  of 
Pi  f  P2i  P3>  nnd  crystal  density. 

In  Figure  2,  it  is  also  shown  that  with  the 
increase  in  density,  there  is  a  drop  in 
temperature,  approaching  the  detonation 
temperature  of  the  crystal. 

THE  EFFECT  OF  IMPEDANCE 
MATCHING  ON  THE  TEMPER¬ 
ATURE  MEASUREMENT 

Because  most  solid  explosives  are  not 
transparent,  we  can  only  determine  the 
brightness  of  radiant  light  at  the  moment  it 
radiates  out  iVom  the  end  of  the  detonating 
charge.  Thus,  the  reflection  of  a  detonation 
wave  at  an  interface  will  change  the  pres¬ 
sure  of  detonation  product,  causing  the  tem¬ 
perature  determined  not  to  correspond  to  the 


Figure  2.  Time  History  of  Measured  Temper¬ 
ature  of  Detonation  Products  of  PETN 


Figure  1 .  Typical  Record  of  Temperature  Mea¬ 
surement  of  RDX  Detonation 
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true  detonation  temperature.  In  order  to 
evaluate  the  efTecl,  we  have  tested  dlfTerent 
transparent  mediums  of  difTerent  impedance, 
such  as  water  and  bromofurm,  etc.  With  a 
density  of  po  =  1.64  ±  0.01  g/cm,  the 
impedance  matching  of  Tetryl  is  equal  to  that 
of  bromoform  (pm  =  2,89  g/cm®): 

Pol) 

r)=~=\±om  (1) 

where,  poD  is  the  density  and  detonation 
velocity  of  Tetryl,  and  pmU  is  the  density  and 
shock  velocity  of  bromofbrm.  The  results  are 
shown  in  Figure  3. 

In  addition,  with  3IMX  of  the  density  of 
po  1.70  ±  0.01  g/cm,  water,  glass,  and 
plexiglass  have  boon  tested.  The  results  are 
shown  in  Table  2. 

In  Figure  3  and  Table  2,  it  is  shown  that 
if  the  voldage  in  an  adjacent  charge  is  less, 
there  is  no  apparent  elTect  on  the  measured 
detonation  temperature,  the  data  variation 
being  within  experimental  error.  For  con¬ 
venience,  (Vom  then  on,  wo  only  used  water  as 
the  charge  closing  medium. 

THE  EFFECT  OF  VOID  GASES 
ON  THE  TEMPERATURE 
MEASUREMENT 

The  experimental  work  had  been  Hn- 
ished  by  our  pioneer  lie  Xianchu  et  al.® 


Figure  3.  Time  History  of  Measured 
Temperature  of  Tetryl 


Table  2.  The  Detonation  Front  Temperature  of 
HMX  (po  =  1.70  +  0.01  g/cm)  in  Contact  with 
Different  Transparent  Medium 


Charge 

Number 

Medium 

Front 
Temper¬ 
ature  (K) 

Average 

(K) 

0927-3 

Glass 

2670 

2700 

0927-4 

Glass 

2660 

0929-1 

Glass 

2780 

1007-1 

water 

2660 

2660 

0929-5 

water 

2660 

1011-2 

Plexiglass 

2760 

2690 

1011-3 

Plexiglass 

2600 

0927-1 

Plexiglass 

2720 

0927-2 

Plexiglass 

2690 

Through  treating  these  experimental  results, 
the  measured  tempcraluros  of  detonation 
products  of  a  TNT  charge  with  density  of  po  > 
1.61  ±  0.01  g/cm®  and  Tetryl  with  density  of 
Po  =  1.7U  ±  0.01  g/cm®  are  shown  in  Figures  4 
and  5. 

In  these  figures,  it  is  shown  that  if  the 
voidage  in  the  charge  is  less— in  other  words, 
the  charge  density  is  higher— the  results  are 
less  different  than  each  other  in  the  low 
density.®  It  is  also  shown  that  while  i<igh 
density  charges  of  TNT  and  Tetryl  treatei  by 
vacuumixation  are  detonating,  the  fluctuation 
of  measured  temperature  of  detonation 
products  can  be  observed.  This  fluctuation 


Figure  4.  Time  History  of  Measured  Temper¬ 
ature  of  Detonation  Products  of  TNT  Treated 
with  Different  Methods 
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Figure  fi,  Time  History  of  Measured  Temper¬ 
ature  of  Detonation  Products  ofTetryl  Treated 
with  Different  Methods 


disuppoarud  gradually  as  the  charge  densities 
decreased. 

Compared  Measured  Temperature  with 
the  Calculated  Result'***’* 

The  temperature  of  detonation  products 
of  some  solid  high  explosives  (TNT,  Tetryi, 
PBTN,  KDX,  and  HMX)  was  measured  with  a 
twu'Color  pyrometer.  Through  treating  these 
experimental  results,  detonation  front 
temperatures  of  TNT  charges  with  densities 
of  Pi  =  1.60  ±  0.01  g/cm®,  p2  =  1.66  ± 
0.01  g/cm**,  and  pa  =  1.61  ±  0.01  g/cm**, 
wore  determined  to  be  3700  ±  100  K,  3400 
+  100  K,  and  3000  ±  100  K,  respectively. 
They  are  compared  with  the  C-J  temper¬ 
atures  calculated  using  various  types  of 
equations  of  state  in  Figure  6.  The  dilTerence 
between  these  results  and  the  results  in 
Reference  9  wore  within  6  percent. 

From  the  history  of  time  of  the  meas¬ 
ured  temperature  of  detonation  products, 
detonation  front  temperatures  of  Totryl 
charges  with  densities  of  pi  =  1.66  ± 
0.01  g/cm^,  p2  =  1.62  ±  0.01  g/cm®,  and 
P3  =  1.69  ±  0.01  g/cm**,  are  determined  to 
be  4200  ±  160  K,  4000  ±  160  K,  and 
3200  ±  100  K,  respectively.  They  are  com¬ 
pared  with  the  C-J  temperatures  calculated 
with  various  types  of  equations  of  state  in 
Figure  7. 


Figure  6.  Comparison  of  Measured  Detonation 
Front  Temperature  and  Calculated  C-J 
Temperature  of  TNT 


Figure  7.  Comparison  of  Measured  Detonation 
Front  Temperature  of  Tetryl  and  Calculated 
C-J  Temperature  ofTetryl 


Similarly,  detonation  front  temperatures 
of  PKTN,  RDX,  and  HMX  have  been 
determined.  These  results  are  compared  with 
the  C-J  temperatures  calculated  using  various 
typos  of  equations  of  state  in  Figures  8,  9,  and 
10,  respectively. 

SUMMARY 

The  detonation  temperatures  of  some 
solid  high  explosives  have  been  determined 
with  a  transient  optical  electrical  two-color 
pyrometer,  In  order  to  estimate  the  accuracy 
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Figure  8.  Comparison  of  Measured  Detonation 
Front  Temperature  and  Calculated  C-J 
Temperature  ofPETN 


Figure  9.  Comparison  of  Measured  Detonation 
Front  Temperature  and  Calculated  C-J 
Temperature  of  RDX 

of  reBul*.B,  the  effeclB  of  denBity,  impedance 
matching,  and  void  gas  on  the  temperature 
measurements  were  studied. 

Because  of  the  influence  of  void  gases, 
effect  of  materials  at  the  explosive  end  face  on 
the  measured  temperature,  and  other  factors, 
it  was  diJTicult  to  measure  front  temperature 
of  explosive  products  accurately.  There  were 
many  experimental  errors  in  our  work. 
Currently,  we  are  still  facing  some  questions. 
First,  does  the  radiant  nature  of  the 
detonation  front  of  solid  explosives  conform  to 


T(x)  mix 


Figure  10,  Comparison  of  Measured 
Detonation  Front  Temperature  and  Calculated 
C-J  Temperature  ofHMX 

that  of  a  black  body  or  a  grey  body?  Secondly, 
being  under  high  density  and  shock  pressure, 
how  much  does  the  change  of  transparent 
medium  characteristics  at  the  front  of  the 
shock  wave  affect  the  reception  and 
conduction  of  the  radiant  light  of  high 
explosives  detonation?  Thirdly,  does  the 
method  of  end  measurement  truly  reflect  the 
detonation  temperature  of  solid  high 
explosives?  These  questions  should  be  further 
studied. 
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FREE-E:XPANSI0N  experiments  and  modeling  in  DETONATION: 
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Laboratory -Bcale  (2S‘S0  mg)  detonations  of  PETN^  KDX,  HNS,  and 
TNT  have  been  carried  out  in  a  high-vacuum  chamber,  and  collision- 
less  molecular  beams  of  the  freely  expanding  detonation  products  have 
been  analysed  as  a  function  of  time  with  a  mass  spectrometer,  Con¬ 
currently,  time-sequenced  schlieren  and  shadouigraph  images  of  the 
initial  expansion  of  the  product  plume  are  recorded  using  a  pulsed 
laser  for  illumination.  These  data  tie  the  chemistry  and  hydrodynam¬ 
ics  of  the  detonation  event  together.  The  results,  interpreted  with  the 
aid  of  a  computer  model,  suggest  that  this  experiment  freezes  the 
chemical  reactions  of  detonation  by  rapid  adiabatic  cooling  and 
provides  a  continuum  of  samples  in  the  molecular  beam,  representing 
the  sequence  of  reactions  in  the  detonating  charge,  With  a  suitable 
model  of  the  expansion  hydrodynamics,  the  hydrodynamic  histories  of 
a  sequence  of  volume  elements  can  be  associated  with  their  frozen 
chemistries.  We  expect  experiments  like  this  to  provide  a  test  for 
molecular  models  of  detonation. 


INTRODUCTION 

Chemical  reactiona  drive  detonation 
through  several  measurable  processes.  Among 
these  are  shock  (hot-spot)  initiation,  run-to- 
detonalion,  reaction  zone  chemistry,  and  reac¬ 
tions  during  product  expansion.  Insofar  as 
these  processes  are  measurable,  they  deviate 
from  the  assumption  of  instant  equilibrium 
and  affect  the  process  of  detonation.  Yet,  we 
know  almost  no  details  of  those  important 
chemical  processes,  which,  with  hydrodynam¬ 
ics,  form  the  basis  of  detonation  science  and 
engineering.  Although  molecular  quantum 
mechanics  is  making  contributions  to  low- 
pressure  combustion  science,  it  does  not  assist 
effectively  in  understanding  detonation 
because  the  molecular  detail  necessary  to  test 
and  challenge  theory  under  detonation  condi¬ 
tions  (up  to  10^  atm  and  6000  K)  is  lacking 
from  detonation  experiments.  The  work  we 
describe  here  provides  a  look  at  detonation 
processes  in  the  molecular  detail  necessary  to 


link  molecular  quantum  mechanics  to  det¬ 
onation  science.  Further  development  and 
modeling  of  these  experiments  appear  to  have 
potential  as  a  laboratory -scale  test  for  high 
explosives  that  simultaneously  measures 
several  aspects  of  sensitivity,  performance,  and 
chemistry.  Numerous  publications  of  this 
work  have  already  appeared.*  ®  This  paper 
will  be  an  overview  of  the  main  features  of  the 
progress  made  to  dale. 

EXPERIMENTAL  RESULTS  AND 
DISCUSSION 

We  have  reported  some  experimental 
data  Identifying  the  major  reaction  products  of 
some  common  solid  explosives,  such  as  HNS,* 
PETN,^  and  RDX,®  Here  we  report  additional 
data  on  these  explosives  and  new  data  on  TNT. 
Almost  all  of  the  studies  were  conducted  with 
laboratory-scale  explosive  charges  of  26-60  mg, 
and  all  were  reasonably  "pure”  detonator- 
grade  explosives  without  plastic  binders.  They 
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wert)  duUmuled  in  a  vacuum  cKambor  using  data  Nvith  computer  models,  we  find  that  some 
only  slappcrs,  except  for  TNT,  which  required  of  the  produclH  we  observe  represent  conditions 

u  PKTN  booster  charge  of  about  10  mg.  The  thatoccurred  less  than  a  fraction  of  a  microsee- 

apparatus  used  to  make  the  measurements  has  ond  after  the  detonation  wave  passed  through 

been  described  previously  in  some  detail,'’^  but  the  explosive  charge.  For  some  explosives  such 
briefly  cun  bo  described  as  a  vacuum  chamber  as  TNT  and  HNS,  these  products  are  probably 
with  dimensions  and  operating  conditions  that  characteristic  of  the  reaction  zone  conditions, 

permit  the  free  expansion  of  the  detonation 

products  to  occur  without  any  collisions  other  Figure  I  shows  composite  time-integrated 

than  intermolecular  collisions  botween  the  spectra  from  the  explosives  PKITN,  RDX,  IINS, 

products  themselves.  That  is,  this  method  and  TNT,  The  most  striking  charactoristic  of 

samples  the  detonation  products  without  these  spectra  is  that,  in  all  four  cases,  they 

reshock,  A  skimmer  admits  a  collisionlesa  differ  enormously  from  the  spectra  expected 

molecular  beam  of  the  expanding  products  to  a  from  complete  reaction  of  the  explosive.  For 

mass  spectrometer  whore  the  abundance  of  a  example.  Figure  2  shows  the  reconstructed 

chosen  molecular  muss  is  measured  as  a  func-  spectra  of  the  products  observed  in  a  detona¬ 
tion  of  time.  By  interpreting  our  experimental  tion  calorimeter  from  those  same  explosives.'^ 


Mr(AMU) 


Figure  I.  The  Time-Integrated  Spectrum  from  the  Freely  Expanding  Detonation  Producte  of 
PEThf,  HDX,  IJMS,  and  TNT.  In  each  spectrum  mass  peaks  are  labeled  with  possible  parent  or 
fragment  (oos.  These  spectra  from  rapidly  quenched  detonations  can  be  compared  to  those  expected 
from  slowly  quenched  detonations  shown  in  Figure  2, 
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Figure  2.  lieconalructed  Spectra  of  the  Detonation  Products  Observed  from  Slow  Quenching  in  a 
Detonation  Calorimeter.'^  The  products  are  approximately  the  distribution  expected  from  the  liKW 
equation  of  state  and  a  freeze -out  temperature  of 2000-2500  K, 


The  culorlmuler  dulonuliuriB  were  confined 
Innido  a  gold  pipe,  bo  Ihose  produclB  expanded 
slowly  and  are  believed  lo  reproBenl  typical 
dclnnutloii  products  quenched  by  freexe-out  In 
the  vicinity  of  2300  K ,  On  the  other  hand,  the 
free-expatiBlon  Bpectra  proBonled  hero  show 
many  more  componentB  and  a  markedly  dif¬ 
ferent  distribution  of  the  expected  equilibrium 
products,  llaO,  COa,  CO,  and  I  la.  A  possible 
explanation  is  that  the  free  expansions  are 
much  more  rapid  (see  Modeling),  freezing  out  a 
variety  of  reaction  Intermediates  from  incom¬ 
plete  reactions.  These  intermudiales  might  be 
stable  molecules  or  evett  free  radicals.  It  Is 
startling  to  note  that  the  explosives  appear  to 
detonate,  but  the  products  observed  are  not  the 
expected  final  products.  If  this  is  true,  a 
process  closely  resembling  detonation  can 


occur  without  the  exported  complete  reaction! 
Mechunisniu  oi  detonation  at  the  molecular 
level  will  have  to  take  into  account  results  like 
these. 

Other  comparisons  are  also  interesting. 
HNS  and  TNT  are  oxygen-poor  explosives  that 
produce  lots  of  soot  in  the  products,*^'**  whereas 
PKTN  and  RDX  have  a  higher  oxygen  balance. 
It  is  evident  that  the  oxygen-poor  explosives 
have  spectra  that  are  similar  to  each  other. 
Similarly,  KDX  and  IMOTN  have  spectra  that 
are  much  alike  but  differ  considerably  from  the 
two  oxygen-poor  explosives.  There  wore  no 
significant  product  intensities  at  masses  larger 
than  60  mass  units,  where  some  effort  was 
made  to  find  larger  clusters  of  soot  or  mass 
peaks  of  unburned  explosives. 
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Timti-reaolved  Bchlioren  and  shadow¬ 
graph  images  of  the  first  35  mm  of  the  det¬ 
onation  product  expansion  have  been  recorded 
for  several  of  th'  <)XploBive8.  Those  data  give  a 
useful  view  of  the  initial  stages  of  the  expan¬ 
sion  dynamics,  such  as  profiles  of  expansion- 
front  velocity  and  density,  which  can  be 
compared  with  schlieren  images  derived  from 
our  computer  model  described  below.^*^  These 
time-resolved  Images  are  closely  related  to  the 
product  equation  of  state,  the  detonation  veloc¬ 
ity,  and  the  progression  of  the  detonation  front 
through  the  explosive  pellet.  Some  informa¬ 
tion  about  slow  chemical  processes,  such  as 
soot  formation,  may  be  obtainahiu  by  compar¬ 
ing  simultaneous  schlieren  and  shadowgraph 
images  of  the  expanding  cha'ge. 

MODHILING 

A  common  question  is  whether  the  small 
charges  we  study,  particularly  of  the  less  sensi¬ 
tive  explosives,  are  really  detonating.  The 
schlieren  and  shadowgraph  photography  and 
the  modeling  of  the  early  expansion  now  give 
us  independent  Information  to  assess  whether 
they  are  detonating  or  not.  The  images  for 
PlilTN,  liDX,  and  I  INS  indicate  that  the  early 
rapid  acceleration  of  the  products,  the  product 
velocities,  and  the  product  density  protlles  are 
us  expected  fi'om  detonations,  and  the  experi¬ 
mental  images  agree  with  images  computed 
with  the  KIVA  code  using  the  equation  of  state 
(liKW)  of  the  expected  detonation  products.^ 
The  expansion-front  velocity  pronios  computed 
by  KIVA  uiso  match  the  velocities  observed 
experimentally.  Under  free-expunslon  condi¬ 
tions,  the  expansion  front  is  expected  to  have  a 
velocity  equal  to  the  local  particle  velocity  plus 
the  sound  velocity  in  the  medium  if  gamma  Is 
equal  to  3,  us  it  Is,  approximately,  for  many 
explosives  of  Interest.  The  expansion  front 
velocity  under  these  conditions  is  also  oqual  to 
the  detonation  volocity,  a  fundamental  per¬ 
formance  parameter  for  an  explosive.  Further 
work  on  this  result  is  being  done  to  extend  this 
concept  to  conditions  where  gamma  may  differ 
from  3. 

The  molecular  density  us  a  function  of 
arrival  time  measured  at  the  mass  niter  also 
agrees  quite  well  in  several  respects  with 
KIVA  computations  A  density  vs-time  curve 


is  recorded  i'or  each  mass,  then  a  time-resolved 
spectrum  is  obtained  by  plotting  density-vs- 
masB  for  each  10  ps  time  interval  (Figures  3 
and  4).  The  composition  recorded  for  each 
10-ps  time  period  corresponds  to  a  particular 
volume  element  on  the  axis  of  the  charge, 
identifiable  by  the  hydrodynamic  model  and 
the  equation  of  state  used  in  the  KIVA 
calculation.  A  mass  spectrum  of  the  material 
coming  from  each  volume  element  can  then  be 
constructed  by  assembling  the  mass  filtor  data 
for  the  corresponding  time  period  from 
individual  shots  with  the  filter  tuned  for  each 
mass  in  the  spectrum.  A  hydrodynamic  history 
(density,  temperature,  and  other  properties  vs 
time.  Figure  5)  can  be  computed  for  each 
volume  element  sampled  (approximately 
0.02  mm  in  the  charge  corresponds  to  the  lO-ps 
sampling  time  at  the  muss  spectrometer)  so 
that  the  time-sequenced  chemical  analyses 
associatied  with  that  volume  element  can  bo 
Interpreted  kincticully.  The  chemical  data 
(Figures  3  and  4)  can  then  be  used  to  tost 
reaction  mechanisms  and  rate  parameters 
derived  from  quantum  mechanical  reaction 
dynamics  calculations. 

In  addition  to  the  quenching  process,  the 
free  expansion  affords  another  valuable 
advantage.  Material  in  a  layer  0.020  mm  thick 
in  the  detonating  charge  experiences  the 
passage  of  the  detonation  wave  (moving  at 
Skm/k))  in  2.5  ns.  Detailed  results  from  our 
model show  that  after  expansion  this  same 
layer  will  take  about  10  microseconds  to 
transit  the  sampling  point  in  the  mass 
spectrometer.  Thus,  the  technique  affords  us  a 
"time  lever,"  so  that  the  characterisation  of 
events  that  differ  in  time  during  the 
detonation  process  only  by  a  fow  nanoseconds 
can  be  accomplished  at  the  muss  spectrometer 
during  the  leisurely  time  period  of  ten 
microseconds.  Material  deeper  below  the 
charge  surface  experiences  the  detonation 
wave  earlier  and  therefore  has  a  longer  time  to 
react  before  the  expansion  wave  reaches  it  and 
quenching  begins.  Its  quenching  history  also 
lusts  longer,  because  it  expands  more  slowly 
while  it  pushes  material  nearer  the  surface  out 
of  the  way.  The  expansion  model  allows  us  to 
map  progressively  later  arrival  times  at  the 
mass  spectrometer  to  correspondingly  deeper 
layers  in  the  charge,  so  we  have  a  series  of 
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PETN  130 


RDX  140  mb 


Maas  (AMU)  Mass  (AMU) 


t'igure  3.  Time-HitHolmi  Spectra  of  the  Expanding  Productn  from  the  Detonation  of  PETN  and 
RDX  in  a  High  Vacuum.  For  example,  with  PETN  the  indicated  times  of  arrival  at  the  mass 
spectrometer  can  he  mapped  approximately  to  corresponding  depths  in  the  initial  charge  ( measured 
from  the  charge  surface  nearest  the  spectrometer)  as  follows:  130  ps  (0.04  mm),  180  ps  (0. 10  mm), 
and  240  ps  (0.20  mm).  The  lO-ps  time  resolution  of  the  mass  spectra  corresponds  to  0.02  mm  in  the 
charge,  and  this  number  divided  by  the  detonation  velocity  of  8  mm/ps  gives  a  time  resolution  of 
2.5  ns  in  the  detonating  charge.  The  PETN  product  wave  arriving  at  the  mass  spectrometer  peaks  at 
165  ps  and  that  of  HDX  at  200  ps.  These  peaking  times  are  shorter  than  those  of  HNS  and  TNT  in 
Figured. 
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HNS  180 /US 


TNT  180  /U8 


Mess  (AMU) 


Mass  (AMU) 


Figure  4.  Time-HesolveU  Spectra  of  the  Expanding  Products  from  the  Detonation  of  HNS  and  TNT 
in  a  High  Vacuum.  The  arrival  time  of  the  peak  for  the  products  from  HNS  is  300  us.  and  tluxt  of 
TNT  is  325  ps. 
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Figure  5.  Hydrodynamic  Hintory  Calculated  by  KIVA  for  Cell(l,20)  of  a  3-mm-diam  x  S-mm-high 
Charge  ofPkTN  with  an  Initial  Density  of  1 .67  g/cm'^ .  This  cell  is  on  the  charge-skimmer  axis  and 
is  the  first  layer  (0.  IS  mm  thick)  to  expand  into  the  uacuum.  Units  of  the  parameters  are  cm-g-sec-k 
units,  D=densiiy,  P -pressure,  l)Zs:mean  diffusion  distance,  T=: temperature,  MFP  =  mean  free 
path,  TIUM- reaction  time  for  a  himolecular  reaction  (A  ~J0'^  cm^  mol'^  S'^  and  K  =  10  000  cal 
mol'^),  TUNl ^reaction  time  for  a  unimolecular  reaction  (A  -  S'^  and  K=40  000  cal  mol'h. 

The  partial  line  culling  the  last  two  curves  indicates  the  point  of  quenching. 


mamD  upuctra  lhal  are  aHulgriuble  lo  conllguouB 
volume  elemenlH,  each  experiencing  Ihu 
arrival  of  the  delonallon  wave  al  timed 
progrcHHively  later  by  only  2.6  nanotiecondd. 
Deeper  volume  olementd  experience  the 
detonation  wave  earlier,  ho  they  cook  longer 
before  quenching  and  expanalun.  The  latest 
arrival  time  recorded  In  those  experiments 
(1000  microaeconds)  corresponds  to  a  layer 
0,66  mm  deep  in  the  charge  and  0.006  mm 
thick,  which  experienced  the  detonation  wave 
about  180  ns  befbre  the  release  wave  reached  It 
and  quenching  began.  This  depth  encompasses 
typical  reaction  zonos  and  part  of  the  Taylor 
wave.  Characterixation  of  slower  chemical 
events  far  behind  the  detonation  wave  would 


require  larger  charges  or  greater  confinement 
than  wo  report  hero. 

Wo  expect  that,  as  the  detonation  wave 
reaches  the  outer  surface  of  the  explosive, 
small  Jets  form  between  the  particles  of  the 
pressed  powder  making  up  the  charge.  The  jots 
come  from  the  collapse  of  void  volumes  exposed 
directly  to  the  vacuum,  and  they  would  bo  of 
lower  density,  higher  velocity,  and  higher 
temperature  compared  to  the  bulk  material. 
These  are  conditions  that  might  favor  Ion 
formation  and  longer  molecular  mean-free- 
paths  (see  MKP  in  the  bulk  material.  Figure  6), 
possibly  resulting  In  some  mass  dlfferatlon,  as 
reported  by  hundborg*'"*  and  May,  et  al,,**  who 
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visualize  this  region  as  "a  lamina  of  infinites¬ 
imal  thickness."  We  picture  the  collapsing 
void  volumes  (similar  to  hot  spots  deeper  inside 
the  charge)  as  being  about  a  particle  diameter 
deep  with  an  area  exposed  to  the  vacuum 
amounting  to  a  small  fraction  of  the  bulk  sur¬ 
face  area,  depending  on  the  void  fraction  in  the 
explosive  charge.  We  sometimes  observe,  prior 
to  the  rapidly  rising  front  of  our  product  wave, 
a  precursor  (barely  detectable  by  our  mass 
spectrometer)  that  may  correspond  the  high- 
velocity  material  reported  by  Lundborg*^  and 
Hay  el  al.*^  However,  the  material  that  we 
identify  with  layers  of  the  reaction  zone,  and 
which  arrives  Just  after  the  precursor,  appears 
to  be  undifferentiated  by  mass  In  our  experi¬ 
ments. 

Another  process  under  investigation  is 
solid-phase  carbon  formation.  The  Shaw- 
Johnson  (SJ)  diffusion  model‘s  can  be  incorpor¬ 
ated  into  KIVA  to  give  ostlmates  of  the 
progress  of  that  process  as  a  i\inctlon  of  time 
and  position  in  the  charge.  The  schlieren  and 
shadowgraph  Images  recorded  for  HNS 
detonations  appear  to  give  evidence  for  solid 
particle  formation  early  in  the  product 
expansion.  After  a  small  amount  of  expansion, 
PETN  and  RDX  become  and  remain 
transparent  to  the  laser  light  used  to  record  the 
shadowgraph  images,  but,  in  the  case  of  HNS, 
within  about  a  microsecond  the  product  plume 
again  becomes  opaque,  suggesting  the 
formation  of  light-scattering  material  in  the 
products.  The  KIVA  code  is  being  modified  to 
compute  particle  growth  kinetics  from  the  SJ 
model  and  light  scattering  by  the  resulting 
particles  for  comparison  with  the  time- 
seqiienced  experimental  images. 

In  addition  to  the  Interpretation  of  experi¬ 
mental  results,  the  modeling  with  KIVA  is 
being  used  to  refine  experimental  configura¬ 
tions  and  to  design  Improved  apparatus  and 
instrumentation. 

CONCLUSIONS 

These  results  are  revealing  the  details  of 
a  new  chemical  dimension  in  detonation 
science.  Experiments  with  real,  not  surrogate, 
explosives  are  providing  provocative  new  data 
on  the  basic  chemical  processes  underlying 
sensitivity  and  reactivity  in  high  explosives.  It 


is  expected  that  this  database  will  provide  a 
robust  test  for  molecular  quantum  mechanical 
models  of  bonding  and  reaction  dynamics  in 
explosives.  Additionally,  these  experiments 
hold  promise  for  elucidating  the  interaction  of 
chemical  and  physical  effects,  such  as  in  the 
tribochemical  processes  believed  to  be  the  basis 
of  hot-spot  initiation  of  detonation  by  shock 
and  Impact.  Finally,  these  experiments  and 
the  associated  modeling  appear  to  give  us  a 
prototype  laboratory-scale  test  that  links 
quenched  detonation  chemistry  with  shock 
sensitivity  and  a  rudimentary  mea<iure  of 
detonation  performance. 
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DISCUSSION 

HAROLD  GRYTINO 

Qry  ting  Energetics  Sciences  Company 

San  Antonio,  TX 

What  is  the  standard  deviation  of  your 
mass  detectibility?  Can  you  readily 
differendiate  HCN  from  CO? 

REPLY  BY  N.  ROY  GREINER 

If  I  understand  the  question  correctly,  the 
answer  is  yes,  we  can  readily  differentiate 
HCN  which  has  a  mass  of  27  from  CO  which 
has  a  mass  of  28. 
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DETONATION  PRODUCTS  OF  LESS  SENSITIVE  HIGH  EXPLOSIVES 
FORMED  UNDER  DIFFERENT  PRESSURES  OF 
ARGON  AND  IN  VACUUM 


F.  Volk  and  F.  Sohedlbauer 
Fraunhofer-Institutfikr  Chemische 
Tochnologie,  ICT,  7507  Pfinital,  FRO 


Less  sensitive  high  explosive  charges  ofTNT/nitroguanidine  (NQ)  and 
PBX  charges  with  polybutadiene  (PB)  and  Cariflex  binder  containing 
RDX  with  and  without  NQ  and  At  were  detonated  in  a  stainless  steel 
chamber  of  1,6  in  vacuum  and  under  different  ambient  argon 
pressures  up  to  0.3  MPa.  Oaseous  and  solid  reaction  products  were 
analyzed  and  enthalpy  of  detonation  calculated  from  the  products  and 
the  components  of  the  charge.  It  was  found  that  the  products  were 
highly  dependent  on  the  ambient  pressure  of  argon.  The  most 
important  changes  of  the  reaction  products  were  found  between  vacuum 
and  atmospheric  pressure  of  argon  (0.1  MPa),  With  increasing 
pressure,  H2  and  CO  decrease  and  CO2,  H2O,  C»,  NH3,  HCN,  CH4,  and 
C2H2  increase.  In  the  same  way  enthalpy  of  detonation  increttses  up  to 
SO  percent. 


INTRODUCTION 

The  energy  output  released  during  the 
detonation  reaction  of  high  explosives  (HE) 
depends  on  the  following  parameters: 

•  energy  content  of  the  charge 

•  oxygen  balance 

•  grain  size  of  the  components 

•  degree  of  confinement 

•  completeness  of  the  reaction  of  metals, 
such  as  Al,  with  the  reaction  products 
of  the  high  explosive. 

Confinement  influences  the  reaction  in  so  far 
as  it  adds  resistance  to  the  expansion  of  the 
gaseous  detonation  products,  and  maintains 
high  pressure  and  high  temperature  for  a 
longer  period  of  time  before  lateral  rarefac- 
tions  from  the  side  quench  it.^ 

By  using  a  confinement,  the  Boudouard- 
Bquilibrium 

2C0;:;C02  +  C;  AH  =  -172.7  kJ/Mol 

is  influenced  to  form  higher  concentrations  of 
CO2  and  Cg.  Additionally,  the  amount  of  H2O 
increases,  whereas  H2  and  CO  decrease.^ 


Both  reactions  increase  the  heat  of 
detonation  of  confined  charges. 

Earlier  investigations  have  shown  that 
less  sensitive  high  explosive  charges  consist¬ 
ing  of  TNT  and  nitroguanidine  produced  very 
different  detonation  products  when  initiated  in 
vacuum,  compared  with  those  under  one 
atmosphere  of  argon. ^  In  this  case,  argon 
behaves  as  a  confining  medium. 

In  order  to  learn  more  about  prepressuri¬ 
zation,  we  also  studied  other  high  explosive 
charges,  such  as  PBXs  based  on  RDX  and 
nitroguanidine,  with  and  without  additional 
aluminum  in  our  stainless  8t3el  chamber.  By 
varying  the  argon  pressure  from  vacuum  up 
to  0.3  MPa,  the  detonation  products  were 
analyzed  with  regard  to  the  gas  and  soot 
formation.  Additionally,  the  heat  output  of 
detonation  was  evaluated. 

EXPERIMENTS 

For  the  experiments,  a  container  of  stain¬ 
less  steel  which  could  be  evacuated,  with  a 
volume  of  1 .5  ni^  was  used. 
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The  high  explosive  charges  had  a 
diameter  of  SO  mm  and  a  length  between  86 
and  96  mm.  The  mass  was  approximately  300  g 
without  boosters.  For  the  initiation,  a  deto¬ 
nator  cap  No.  8  of  Dynamit  Nobel  AO,  together 
with  a  10  g  RDX  booster,  were  used.  Because 
of  the  corner  effect,  a  second  booster  of  about 
18  g  having  the  same  diameter  as  the  main 
charge  was  glued  onto  the  charge.^ 

After  hanging  the  explosive  charge 
horizontally  inside  the  chamber,  the  vacuum 
pump  was  started  in  order  to  provide  a  deto¬ 
nation  in  vacuum  or  under  different  pressures 
of  argon.  After  firing,  gas  samples  were  taken 
for  the  measurement  of  NO  in  a  chemilumi¬ 
nescence  analyzer  and  the  mass  spectrometric 
analysis  of  the  detonation  gas.  Then  the 
chamber  was  opened  in  order  to  collect  the 
solid  residue  as  completely  as  possible  by  the 
use  of  vacuum  cleaner.  The  residue  was 
analyzed  for  carbon,  hydrogen  and  nitrogen. 
The  unreacted  aluminum  was  determined 
after  reaction  with  HCl  by  measuring  the 
volume  of  hydrogen. 

In  some  cases,  soot  was  examined  in  more 
detail  at  the  Los  Alamos  National  Laboratory 
by  using  X-ray  diffraction  and  convergent- 
beam  electron  diffraction.  Previous  investiga¬ 
tions  have  shown  that  X-ray  diffraction  powder 
patterns  exhibited  the  same  diamond  spacings, 
matching  the  pattern  from  an  authentic 
diamond  sample.^ 

Manufacturing  of  the  Explosive  Charges 

TNT-Charges.  The  charges  containing 
TNT  were  manufactured  by  heating  TNT 
above  its  melting  point,  and  by  the  addition  of 
ingredients  such  as  spherical  nitroguanidine 
(NQ),  Al,  and  others.  Cylindrical  high  explosive 
charges  of  60  mm  in  diameter  and  80  to  90  mm 
in  length  were  cast  in  order  to  obtain  charges 
of  about  300  g.  With  regard  to  nitroguanidine, 
a  distribution  of  spherules  of  28  percent  with 
160-200  pm  and  72  percent  with  500-1000  pm 
was  used. 

Charges  with  Polybutadiene  (PB) 
Binder.  The  pre-mix  consisting  of  the  pre¬ 
polymer  R  46  M  and  the  ingredients  RDX,  NQ, 
Al,  etc.,  was  treated  in  a  horizontal  mixer. 
Later,  the  curing  agent  Isophorondiisocyanate 


(IDPI)  was  added.  After  mixing  a  short  time, 
the  explosive  mass  was  cast  into  a  cylindrical 
form.  The  following  mean  particle  size  distri¬ 
butions  were  used: 

RDX  Class  C;  xso  ***  226  pm 

RDX  ground;  X60  10  pm 

Al  Alcan;  X60  *  6  Pin 

Charges  with  Thermoplastic  Binders. 
For  the  preparation  of  high  explosive  charges 
containing  a  thermoplastic  elastomer  binder, 
the  triblock  copolymer  Cariflex  1107  was  used. 
A  granular  mix  consisting  of  86  percent  RDX 
and  16  percent  binder  was  used.  The  granulated 
material  was  heated  in  a  double  piston  press  to 
80*C,  and  pressed  at  26  MPa  under  vacuum. 

High  Explosives  Investigated 

The  following  high  explosives  were 
investigated; 


Composition 

Density 

Ig/cm^l 

Detonation 

Velocity 

Im/sl 

TNT 

1.64 

6900 

46%  TNT/56%  NQ 

1.63 

7224 

46%  TNT/66%  NQ 

(Qlaisconflnsment) 

1.63 

7224 

HX72: 

80%  ROX(10pm)/20%  FD 

1.48 

7760 

HX76: 

66%NQ/30%  RDX  (10  pm  V 
16%  PB 

1.61 

7420 

PHX3i : 

86%  RDX(10pm)/16% 
CsrUIet  1 107 

1.67 

7960 

HXA123: 

66%  RDX  Class  C/U%  RDX 
(10  pm) 

15%  PB/15%A1  Alcan  400 

1:62 

7360 

Evaluation  of  Results 

Most  of  the  gaseous  reaction  products 
such  as  H2,  N2,  NO,  N2O,  CO,  CO2,  HCN,  CH4, 
and  C2H4  can  be  analyzed  quantitatively  by 
mass  spectrometry. 
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In  order  to  determine  the  amount  of  H2O 
vapor,  we  calculated  it  as  the  difference  of  the 
hydrogen  balance  which  was  evaluated 
between  the  total  hydrogen  content  and  the 
analyzed  content.  The  same  was  also  done  for 
evaluating  the  amount  of  free  carbon,  which 
was  formed  as  soot  during  the  detonation 
reaction. 

On  the  other  hand,  the  amount  of 
unreacted  aluminum  (Al)  was  analyzed  by 
measuring  the  hydrogen  content  of  the 
reaction 

Al  +  3HC1-*A1C13+  1.6  H2 

Also,  the  soot  was  analyzed  for  determining 
the  amount  of  C,  il,  and  N  using  elemental 
analysis  based  on  the  complete  combustion  to 
CO2,  H2O,  and  N2. 

If  we  have  analyzed 

a)  the  gaseous  reaction  products  by  mass 
spectrometry;  H21  N2,  NO,  N2O,  CO, 

CO2,  i:CN,  CH4,  C2H4, 
and  C2H2, 

b)  the  composition  of  the  soot: 
and%N,and 

c)  and  the  amount  of  the  unreacted  Al, 

we  are  able  to  calculate  the  amounts  of  water 
vapor  and  of  solid  carbon. 

For  this  calculation  a  computer  program 
was  written.  Input  parameters  of  this  program 
are;  the  above  mentioned  analytical  results 
(a,  b,  c)  and,  additionally,  the  stoichiometric 
composition  of  the  compiete  explosive  charge, 
including  both  boosters.  By  comparing  the 
mass  balance,  it  is  possible  to  get  a  complete 
composition  of  the  reaction  products.  Beyond 
that,  wo  calculated  the  heats  of  formation  of 
the  products  and  the  unreacted  explosive 
charge.  Additionally,  the  freezing-out  temper¬ 
ature  of  the  components  of  the  water  gas 
reaction  products  is  evaluated  by  calculating 
the  equilibrium  constant,  using  the  partial 
pressures  according  to; 

Pco^Pii.o 
Kp(T)=.  - -  . 


Finally,  the  computer  program  provides 
us  with  the  following  results,  as  seen  in 
Table  1 ; 

1.  Mass  of  the  explosive  charge 

2.  Mass  of  the  boosters 

3.  Composition  of  the  charge 

4.  Heat  offormation  of  the  charge 

5.  02'balance 

6.  Sum  formula  of  the  explosive  charge 
Included  the  boosters 

7.  Sum  formula  of  the  soot 

8.  Amount  of  unreacted  aluminum 

9.  Mass  spectrometric  analysis  of  the 
reaction  gas  without  water  vapor 

10.  Complete  reaction  products  including 
water  vapor,  solid  carbon,  Al  and  AI2O3 
in  Mol  percent,  and  reaction  products  per 
kilogram  high  explosive  charge  (mol/kg) 

1 1 .  Enthalpy  of  detonation  (-Ilaei) 

12.  Water  gas  equilibrium  constant  Kp  (T) 

13.  Amount  of  carbon  in  residue  (percent  of 
total  C  or  in  grams) 

14.  Amount  of  unroacted  Al  in  percent 

15.  Qas  formation  in  Mol/kg 

16.  Comparison  of  theoretical  and  experi¬ 
mental  mass  balance,  with  and  without 
ammonia  (NH3) 

RESULTS 

Reaction  Products  of  TNT 

The  reaction  products  of  a  charge  consist¬ 
ing  of  300  g  TNT  and  29  g  booster  without  con¬ 
finement  were  compared  with  those  published 
by  D.  Ornellas^  which  have  been  formed  in  a 
detonation  calorimeter;  see  Table  2. 

Two  samples  of  D.  Ornellas  were  tested 
under  confinement;  one  in  a  cylinder  of  gold, 
the  other  of  alumina  (AI2O3).  The  third  sample 
(26  g)  was  without  a  confinement. 

It  is  interesting  to  see  that  our  unconfined 
large  TNT  charge  (300  g  TNT  -f  29  g  booster) 
exhibits  nearly  the  same  reaction  products  as 
the  small  charge  (22  g)  with  the  gold  confine¬ 
ment,  but  is  very  different  from  the  unconfined 
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Table  I.  Example  for  the  Evaluation  of  the 
Complete  Detonation  Products  and  the  Heat  of 
Detonation  of  Composition  B 


•.  i.:iM 

No.  0400 

COMPOSITION  B 

■XrLOStVSMAUl 

001.0  |UI 

■XPtASIVRPOlU 

17.0101 

RDX  BOOSTBRi 

10.0101 

TOTAL  MAMi 

0011.0101 

S7.B«S%HSXOaSN 

08.00  « 

0.*ll«PARAmNB 

1.00  « 

M.IM«a,4,«-TNT 

0040% 

5.UT*RXPLOSIVRPOIL 

0.00% 

UMtorforaiSoai 

•0.0KCALA(U  > 

OOJKJ/KCI 

OiyiM  balutw 

-IO.tO« 

•uB  foraulw  C 

0 

N 

H 

1.UB1I 

0.0077 

0.1000 

8.0400 

So»ll  1.0000 

0.0000 

0.0000 

0.0710 

tMOUkl _ ANALYSIS  WITH  H«0  lad  ROOT  IMOLWQI 

Hg  1  11.00 

7.00 

OJO 

CH4  1  OJO 

0.17 

0.00 

CO  1  M.4I 

00.01 

8.n 

oog  1  10.10 

0.00 

4.00 

Ng  1  00.00 

80.00 

I0.U 

NgO  t  0.00 

0.00 

0.00 

NO  1  0.00 

0.00 

0.08 

UCN  1  O.0T 

OJIO 

0.10 

HgU  1 

8147 

0.08 

IflfiT.J.  ..... . .  . . 

....JIiM. 

_ 241 

Kp(T)W«torgui 

0.U0 

AHOiIIKJ/KOIi 

0000.0 

.... 

OASi  00.44  CONU.1  7.41 

Cooipariioa  of  mui  taaliuitoi 

lYiaary 

BiparlBaat 

N/C 

1.0870 

1.0870 

NfH 

0.7000 

0.7000 

WO 

0.7010 

0.7000 

lliaar.  oaouat  of  eirboa  la  ratlOuoi  00.0  Id  I  ■  SO.P  %  of  corboa 

small  TNT  charge  (26  g).  Thia  leads  lo  the 
conclusion  that  for  a  large  charge  with  a 
diameter  of  about  60  mm,  argon  atmosphere 
behaves  as  a  confining  medium. 

Charges  With 

46  Percent  TNT/55  Percent  NQ 

In  order  to  determine  the  influence  of 
different  argon  pressures  on  the  detonation 
products  of  cast  high  oxpiosive  charges  con¬ 
sisting  of  46  percent  TNT  and  66  percent 
spherical  nitroguanldine  (NQ),  experiments 
have  been  conducted  in  the  detonation 
container  described.  In  each  case,  the  detona¬ 
tion  products  of  three  shots  were  anaiyzed:  one 
in  the  evacuated  container,  the  other  under 
0.06  MPa,  and  the  third  under  0.1  MPa  of 
argon  (Ar);  sac  Tabie  3. 


Table  2.  Heats  and  Products  of  Detonation  of 
TNT  Under  Varying  Conditions:  Comparisons 
Between  ICT  and  LLNL 


ICT 

Detonation  Calorimeter 

Sample 

28/30 

D.OrneUa8,LLNL 

Conflnement 

no 

Cold 

AI203 

no 

Charge! 

Donaity  [g/ccm| 

7 

1.633 

1.633 

1.000 

Diamatar  [mm] 

60 

12.7 

12.7 

12.7 

Weight  TNT  Igl 

300 

22 

22 

26 

Booster 

igl 

20 

7 

7 

7 

Products, 

Hg 

3.4 

4.3 

4.1 

20.4 

(Mol«) 

CR4 

0.2 

0.9 

1.0 

0.1 

CO 

17.2 

18.6 

18.9 

63.9 

COg 

9.9 

11.7 

12.6 

0.3 

Ng 

13.6 

12.3 

12.6 

11.9 

NO 

0.07 

. 

0.01 

0.01 

HCN 

0.8 

1.9 

0.6 

0.3 

NHg 

? 

1.6 

1.8 

0.9 

HgO 

19.6 

14.9 

13.3 

3.4 

c. 

36.4 

234.0 

35.2 

8.8 

AHo.ilKJ/Kg|i 

Experimental 

. 

4676 

4480 

2437 

Cato,  flrom  product# 

4320 

4744 

4091 

2977 

Table  3.  Charges  of  45  Percent  TNT/5S  Percent 
NQ  in  Different  Ar  Pressures 


Sample  No. 

1 460/1  c 

1460/2C 

1460/3C 

Ar  pressure,  MPa 

Vac. 

0.06 

0.1 

Composition 

46%  TNT/  66%  NQ 

02-Balanco,  % 

•47.6 

Charge  Weight,  g 

331 

332 

331 

AHr,KJ/Kg 

-661 

•662 

•667 

Products.  Mullt'. 

llg 

20.7 

8.3 

6.0 

CII4 

0.04 

0.1 

0.24 

CO 

32.1 

17.9 

14.3 

COg 

3.7 

7.0 

10.3 

Ng 

27.6 

26.1 

26.6 

NO 

0.1 

0.1 

0.13 

HCN 

0.3 

3.2 

3.6 

Nllg 

0.6 

3.0 

4.9 

Cglfg 

0.02 

0.03 

0.1 

IlgO 

c. 

10.7 

19.6 

20.0 

4.4 

13.8 

16.0 

A  KJ/Kg 

2099 

3663 

3763 

C  in  Residue 
jSbol' total  Cl 

10.8 

32.2 

35.7 

Gas  formatiiMi 
ImoPKgl 

44.5 

37.9 

16.7 

Additionaily,  three  charges  of  the  same 
mass  and  the  same  composition  but  in  a  glass 
conrincment  with  a  thickness  of  9  mm  were 
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investigated,  also  in  vacuum,  under  0.05  and 
0. 1  MPa  argon.  The  results  are  listed  in  Table  4. 


Table  4.  Chargee  of  45  Percent  TNT/55  Percent 
NQ  in  Qlaes  Confinement  and  Different  Ar 
Pressures 


Sample  No. 

1461/1 

1461/2 

1461/3 

Ar  praatura,  MPa 

Vac. 

0,06 

0.1 

Compoaltiun 

46*  TNT/  66%  NQ 

02-Balanoe,% 
Charga  Weight,  g 

-47.6 

032 

336 

332 

AH^KJ/Kg 

-666 

■668 

-668 

ProducU.  Mol*! 

Ha 

8.7 

4,2 

3.1 

* 

CH4 

0.2 

0,4 

0,44 

CO 

16.B 

10.2 

9.3 

COj 

7.9 

11.0 

12.7 

Nb 

27.3 

26.0 

26,6 

0,06 

0,06 

0.14 

HCN 

1.36 

2.4 

1.1 

c*!? 

1.16 

4,7 

6.3 

Ci;o7 

O.t 

0.13 

HaO 

20.6 

20.7 

21.0 

c. 

16.6 

19.2 

21.3 

AHd,t.KJ/Kg 

3779 

3960 

4003 

C  In  Raaldue 
[%  of  total  Cl 

39.8 

43.3 

47.2 

Gaa  formation 
[molKgl 

37.1 

34.4 

33.0 

The  results  of  the  unconfined  shots  in 
Table  3  show  that  the  products  formed  under 
an  evacuated  condition  are  very  different  from 
those  produced  under  0.6  bar  (0.06  MPa)  and 
one  bar  (0.1  MPa). 

With  increased  pressure  we  see  a  distinct 
decrease  of  H2  and  CO  on  one  side  and  a  strong 
increase  of  CO2,  H2O,  and  soiid  carbon  (€«)  on 
the  other. 

In  the  same  direction  the  enthalpy  of 
detonation  (AHdgt)  increases  markedly  from 
vacuum  to  0.06  MPa  of  argon,  but  only  slightly 
from  0.06  MPa  to  0.1  MPa  of  Ar.  The  highest 
value  of  the  gas  formation  is  obtained  in 
vacuum. 

It  is  also  Interesting  to  see  how  the  con¬ 
centrations  of  ammonia  (NH3)  and  hydrocyanic 
acid  (HCN)  increase  with  a  higher  pressure  of 
argon;  the  same  holds  also  for  methane  (CH4) 
and  acetylene. 

It  seems  as  if  argon  behaves  as  a  confine¬ 
ment.  It  leads  to  a  distinct  increase  in  the  heat 
of  detonation  because  of  the  increase  in  the 


species  representative  of  a  lower-temperature 
isentfope  such  as  CO2,  H2O,  and  solid  carbon 
(Cg),  and  a  corresponding  decrease  in  the  species 
representative  of  a  higher-temperature  isen- 
trope:  COandH2.^ 

From  vacuum  to  0.1  MPa  argon,  enthalpy 
of  detonation  increases  from  2999  to  3763  kd/kg 
by  20.6  percent.  On  the  other  hand,  the  glass 
confined  charge  exhibits  at  0.1  MPa  argon  a 
value  of  4003  kJ/kg,  which  corresponds  to  an 
increase  of  only  6.4  percent,  compared  with  the 
unconfined  charge  at  the  same  pressure  (see 
Tables  3  and  4). 

Because  of  the  effect!  vity  of  argon,  we  tried 
to  analyze  also  the  detonation  products  formed 
under  higher  argon  pressures  such  as  0.2  and 
0.3  MPa.  The  results  are  listed  in  Table  6. 


Table  5.  Charges  of  45  Percent  TNT/55  Percent 
NQ  in  Ar  Pressures  ofO,  1  to  0,3  MPa 


Sample  No, 

1460/3C 

1460/2b 

1460/3b 

Arpraaaure.MPa 

0.1 

0.2 

0.3 

Composition 

46*  TNT/  66* 

NQ 

02-Balanca,  * 

-47.6 

Charge  Waight,  g 

331 

328 

327 

AHf,KJ/Kg 

•667 

-648 

■646 

ProducU.  Mol*: 

Ha 

6.0 

4.2 

4.4 

CH4 

0.2 

0.3 

0.36 

CO 

14,3 

11.4 

11.4 

COa 

10.3 

10.7 

11.3 

Na 

26.6 

26.2 

24.8 

NO 

0.13 

0.22 

0.3 

HCN 

0.6 

0.8 

NHj 

3.6 

1.4 

1.0 

CaHa 

0.1 

0.1 

0.1 

HgO 

20.0 

21.7 

20.8 

c, 

16.9 

20.8 

21.2 

AHgrt,KJ/Kg 

3763 

3790 

3706 

C  in  Raaldue 

I*  of  total  Cl 

36.7 

46.4 

46.6 

Qoa  formation 
Imol/Kg) 

36.7 

33.4 

32.8 

As  we  see,  an  additional  atmosphere  of  Ar 
(0.2  MPa)  increases  the  heat  of  detonation  only 
by  27  kJ,  and  a  further  pre-pressurization  to 
0.3  MPa  exhibits  no  additional  improvement  of 
the  heat  output. 

Analysia  of  Soot 

After  each  shot,  the  residue  was  collected, 
dried,  and  analyzed  for  carbon,  hydrogen,  and 
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nitrogen  by  combustion  analysis.  For  compari¬ 
son,  carbon  residue  is  also  calculated  from  the 
mass  balance. 

In  Table  6,  we  have  listed  the  elemental 
analysis  of  the  soot,  as  well  as  the  analyzed  and 
calculated  amounts  of  carbon.  We  clearly  see 
how  the  carbon  content  increases  when  going 
from  vacuum  to  0,06, 0. 1 ,  and  0.2  MPa  of  argon, 

Table  6,  Analysis  of  the  Residual  Soot  of  the 
Charges  45  Percent  TNTtSS  Percent  NQ 

I  Ar  Total  Carbon  [gl 


Sample  Preuure 
No.  (MPa) 

C 

% 

H 

% 

N 

« 

Analyud  Calculated 

U6O/I0  Vacuum 

87.3 

1.0 

10,4 

6.9 

8.1 

1460/2C 

0.06 

86.9 

1.1 

12.0 

20.9 

24.2 

U60/30 

0.1 

86.4 

1.3 

13.3 

31.6 

26.6 

U60/lb 

0,1 

82,4 

1.7 

16,9 

31.7 

36.6 

1460/2b 

0.2 

73.1 

2.4 

24.6 

36.1 

34,6 

U60/3b 

0.3 

68.9 

2.8 

28.2 

36.6 

34.6 

Table  7.  PBX  Charges  with  80  Percent 
ROmO  Percent  PB 


Sample  No. 

HX72/1 

HX72/2 

HX  72/3 

Ar  preaeure,  MPa 

Vacuum 

0.06 

0.1 

Composition 

20«>  PB/80%RDXa0um> 

02- Balance,  % 

-73.3  . 

Charge  Weight,  g 

329 

328 

330 

AHr,KJ/Kg 

•94 

-90 

•06 

PrgdtwiSiMttlfti 

Ha 

33.6 

16.0 

12.3 

CHd 

0.1 

0.7 

2.9 

CO 

34.4 

17.3 

13.1 

COa 

1.2 

3.6 

6.6 

Nb 

18.8 

18.0 

18.8 

0.06 

0.03 

0.02 

HCN 

0.1 

0.8 

0.9 

NHa 

0.5 

2.9 

2.8 

- 

0.06 

0.6 

HgO 

4,8 

19.6 

19.9 

c. 

6.6 

22,2 

22.2 

AHd,i,KJ/Kg 

2949 

4214 

4440 

C  in  Residue 
[%ortoUlC| 

16,7 

49.9 

47,3 

Qai  formation 
[mol/Kgl 

62.1 

42.0 

39.7 

The  elemental  analyses  have  shown  that 
the  nitrogen  content  Increases,  too,  when 
argon  pressure  is  raised.  We  assume  that  the 
formation  of  organic  substances  containing 
nitrogen  increase  in  the  name  manner  as  HCN 
and  NHa.® 

We  suspect  that  the  formation  of 
diamonds  will  also  be  favored  under  stronger 
confinement.^ 

Reaction  Products  of  PBX-Charges  in 
Different  Argon  Pressures 

In  addition  to  the  TNT/nitroguanidine 
cast  high  explosive,  some  PBX  charges  were 
investigated  which  exhibited  different  RDX 
and  binder  contents.  Also,  charges  containing 
aluminum  (Al)  were  included. 

Thu  detonation  products  of  charges  con¬ 
sisting  of  80  percent  RUX,  with  a  mean  grain 
size  of  10  pm  and  20  percent  of  a  polybutadiene 
binder,  are  shown  in  Table  7, 

Comparing  the  results  of  the  evacuated 
container  with  those  of  0.06  and  0.1  MPa  of 
argon,  we  see  the  same  behavior  as  discussed 
before:  a  decrease  of  H2  and  CO,  and  an 
increase  of  CO2,  III2O,  Cg,  NHg,  HCN,  C2II21 
andCIU. 


There  is  also  an  increase  in  the  enthalpy 
of  detonation,  and  a  decrease  in  the  gas  forma¬ 
tion.  It  is  notable  that  the  very  high  formation 
of  Hg  in  the  vacuum  shot  is  due  to  the  high 
amount  of  PB  binder,  which  leads  to  an  extreme 
negative  oxygon  balance  of  -73.3  percent.  But, 
nevertheless,  the  heat  of  detonation  is  much 
higher  than  that  of  46  TNT/66  NQ.  The  reason 
for  this  la  that  the  enthalpy  of  formation  is 
much  less  negative  for  the  RDX  containing 
charge  (-94,0  kJ/kg)  than  that  of  46  TNT/ 
56  NQ  with  a  valuu  of -646  kJ/kg.  From  vacuum 
to  one  bar  argon,  heat  of  detonation  increases 
by  60.6  percent  from  2949  to  4440  kJ/kg. 

PBX  -  Charges  Containing  RDX  and 
Spherical  Nitroguanidlne  (NQ) 

On  the  basis  of  the  more  negative 
enthalpy  of  formation  of  nitroguanidlne,  wo 
understand  that  the  detonation  decreases  by 
replacing  RDX  with  nitroguanidlne  (NQ).  In 
Table  8,  the  detonation  products  of  charges 
with  16  percent  PH  binder,  66  percent  NQ,  and 
30  percent  RDX  are  listed. 

The  most  important  difference  between 
here  and  the  RDX  containing  charges  in 
Table  7  is  to  be  seen  in  the  formation  of  HCN 
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Tablt  8.  Charges  Containing  RDX  and 
Spherical  Nitroguanidine  (NQ) 


Ssmplt  No. 

HX76/1 

HX76/2 

HX76/3 

Ar  proMuro,  MPa 

Vacuum 

0.06 

0.1 

ComposiUon 

16%  PB/66%  NQ/30%  RDX  (10  urn) 

02'Balanoa,% 
Chart*  Waightig 

•64.8 

330 

330 

331 

AH^IU/Kg 

-625 

-626 

•620 

eft. 

23.2 

0.2 

6.0 

0.7 

1.7 

2,0 

CO 

22.4  . 

10.7 

7.7 

C02 

3.6 

7.6 

0,6 

% 

23.4 

22.0 

24.0 

0.06 

0.07 

0.1 

HCN 

6.1 

6.0 

3.4 

NH, 

CflHs) 

4.0 

8.6 

0.3 

0.1 

0.7 

0.8 

C1H4 

- 

0.1 

0.6 

HP) 

11.3 

18.6 

10,0 

c, 

6.2 

13.0 

16.8 

AHd,t,KJ/Kg 

2676 

3274 

3630 

C  in  Rasidua 
(%oftoUlCl 

16.4 

33.6 

30.0 

Oas  fitrmaUon 
(mol/Kg) 

47.2 

30,8 

37.1 

and  NHa:  nitroguanidine  ii  reaponiible  for 
coneentrutiona  up  to  6.0  Mol  percent  HCN  and 
9.3  Mol  percent  NHa.  behavior  may  be 
explained  by  the  fact  that  NHa  and  HCN  are 
decomponition  products  of  nitroguanidine. 
Because  of  the  positive  heat  of  formation  of 
HCN,  the  enthalpy  of  detonation  is  decreased 
distinctly. 

We  assume  that  the  relatively  high  HCN 
concentration  of  detonation  gases  produced 
from  nitroguanidine  containing  high  explo¬ 
sives,  is  responsible  for  discrepancies  between 
calculated  and  measured  detonation  velocities. 
The  calculated  velocities  will  be  marked  lower 
when  taking  into  account  the  heat  loss  for 
which  HCN,  with  its  positive  heat  of  forma¬ 
tion,  is  responsible: 

2  HCN  H2  -H  Na  -f-  2C;  AH  =  -267.8  kJ/Mol 

Charges  With  85  Percent  RDX  (10  am)  and 
a  Cariflex  Thermoplaatio  Elastomer  Binder 

It  is  the  special  merits  of  thermoplastic 
binders  that  the  manufacturing  process  of  high 
explosives  is  more  flexible.  Using  16  percent  of 
a  Cariflex  binder  and  86  percent  RDX,  an  oxy¬ 
gen  balance  of  -64.6  percent  can  be  obtained  for 


the  charge,  including  both  boosters.  Besides  a 
high  gas  formation,  a  considerable  heat  output 
was  also  determine  by  analysing  the  detona¬ 
tion  products,  as  is  shown  in  Table  9. 

Table  8.  Chargee  With  86  Percent  RDX 
(10  pm)  and  a  Thermoplastic  Cariflex  Binder 

Sample  No.  PHX31/1  PHXai/3  PHX31/3 

Arpraaauro,  MPa  Vacuum  0.06  0.1 

ComposiUon  1 6%  Cariflai  /  85%  RDX  ( 10  |im) 

02-Balaneo,%  -64.6 


Charge  Weight,  g 
AH6lU/Kg 

.728 

•78 

320 

•80 

320 

•81 

ProdmtiiMiilIl! 

eft. 

28.8 

17.6 

0.6 

11.7 

1.7 

CO 

34,1 

20.4 

14.6 

COa 

1.4 

3.6 

6.2 

Nb 

20.7 

20.8 

20.8 

0,06 

0,03 

0.02 

HCN 

0,6 

0.6 

1,06 

NH. 

GjiH^ 

0.0 

1.1 

2.4 

. 

0.1 

0.4 

C»H. 

■ 

0.06 

0.1 

HaO 

8.1 

18.4 

21,2 

c. 

6.4 

16.0 

20.0 

AH..t,KJ/Kg 

3428 

4323 

4676 

CinRaaidu* 

{%  of  total  0) 

13.0 

40.1 

46.1 

Qa*  formation 
[mulhCg] 

40.8 

42.0 

30.6 

The  concentration  of  NH3  and  HCN  is 
much  smaller  than  in  the  case  of  NQ 
containing  charges. 

Prom  vacuum  to  atmospheric  pressure  of 
argon,  the  enthalpy  of  detonation  increases 
from  3428  to  4676  kJ/kg  (36.4  percent). 

PBX  Charges  With  RDX  and  Aluminum 

The  aim  of  the  following  investigations 
was  to  find  out  the  influence  of  different  argon 
pressures  on  the  detonation  products  of  Al- 
contalning  PBXs. 

In  the  container,  a  high  explosive  consist¬ 
ing  of  66  percent  RDX  Class  C,  14  percent  RDX 
(10  pm),  16  percent  A1  Alcan  400,  and  16  per¬ 
cent  polybutadiene  binder  was  detonated  in 
vacuum  and  In  argon  atmosphere  (0.1  MPa). 
The  results  are  listed  in  Table  10. 

It  is  shown  that  the  shot  in  vacuum 
produced  detonation  products  which  were 
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Table  10.  PBX  Charges  with  HDX  and  Al 
Alcan  400 


Sample  No.  HX A  123/1  HX A  123/3 

Arpreaeure,  MPa  Vacuum  0.1 

Compoiltion  16%  PB/ 16%  Al  Alcao  400 

66%  KDX  Claes  C/ 1 4%  KDX  ( 1 0  pm  I 
02-Balancu,  %  -69.3 


Charge  Weight,  g 

331 

331 

AHr,K.I/Kg 

■73 

•71 

FroducU.  Mol%: 

IL 

29.6 

26.8 

CM., 

U.04 

1.1 

CO 

26.1 

20.1 

CO., 

0.01 

2.7 

Na 

16.B 

18.1 

NO 

0.07 

0.06 

liCN 

0.1 

2.36 

NHa 

2.2 

0.9 

C,dHa 

0.04 

0.3 

CjHd 

0.03 

0.2 

MyO 

4.2 

7.2 

A 1203 

4.6 

3.9 

Al 

1.6 

3.0 

c. 

14.6 

14.3 

Kp(T) 

? 

2.018 

Freeze  oulTemp.lKI 

1366 

6143 

6066 

C  In  Keildue 
l%ortuUlCl 

36.6 

34.6 

UnreaoUd  Al,% 

16.0 

28.0 

Gee  i'urmatiun 

1  mo  1/Kg) 

38.6 

37.0 

much  more  similar  to  Ihose  of  0.1  MPa  argon 
lhan  wore  obtained  in  ail  earlier  shots  by  using 
charges  without  aluminum. 

This  moans  that  the  influence  of  argon  as 
a  confining  medium  is  reduced  by  using  Al 
containing  high  explosives.  This  behavior  can 
also  be  derived  from  the  values  of  the 
enthalpies  of  detonation,  which  only  exhibit  a 
difference  of  1.6  percent  between  the 
detonation  in  vacuum  and  atmospheric 
pressure  of  argon. 

The  results  have  also  shown  that  an 
amount  of  unreacted  Al  of  16  percent  for 
vacuum  and  28.0  percent  for  0.1  MPa  of  argon 
related  to  the  whole  Al  content  was  analyzed. 

Comparing  the  freeze-out  temperature  of 
the  water  gas  reaction,  we  see  that  it  is  very 


high  for  the  shot  in  vacuum,  whereas  it  has  a 
realistic  value  of  1 366K  under  0. 1  MPa  of  argon. 

CONCLUSIONS 

We  have  presented  results  demonstrating 
the  usefulness  of  analyzing  detonation  products 
in  a  stainless  steel  container  of  about  1.6  m^. 

By  using  less  sensitive  high  explosive 
charges  of  more  than  300  g,  the  influence  of 
different  ambient  pressures  of  argon  on  the 
detonation  products  was  determined. 

Charges  containing  TNT/nitroguanidino, 
PBX  charges  with  polybutadien  binders 
containing  RDXynitroguanidine,  and  RDX/Al 
and  thermoplastic  binders  with  RDX  were 
detonated  in  vacuum  in  0.06  MPa  and  0.1  MPa 
of  argon  pressure.  We  have  shown  that  the 
detonation  products  were  highly  dependent  on 
the  pressure.  At  Atmospheric  pressure  of  argon, 
enthalpy  of  detdt^ation  was  up  to  60  percent 
higher  than  under  vacuum.  With  increased 
pressure,  we  found  a  distinct  decrease  of  il2 
and  CO  and  a  strong  increase  of  COj,  HqO, 
solid  carbon,  NHa,  HCN,  CH4,  and  C2H2. 

On  the  other  hand,  Al  containing  PBX 
charges  exhibited  only  a  small  effect  under 
different  pro-pressurization. 
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DISCUSSION 

HAROLD  GRYTING 

Gryting  Energeticg  Sciences  Company 

San  Antonio,  California 

In  Table  3  for  composition  46  percent 
TNT/S6  percent  NQ,  is  the  Increased  pressure 
of  argon  primarily  responsible  for  the  increase 
in  HaO  from  10.7  mole  percent  to  19.6  mole 
percent  from  vacuum  to  0.06  MPa  argon  pres¬ 
sure  in  the  predetonation  condition? 

If  BO,  how  do  you  account  for  the  almost 
negligible  increase  in  HqO  when  the  argon 
pressure  is  doubled  (increasing  from  0.06  to 
0.1  MPa)  with  HaO  only  increasing  from  19.6 
to  20.0  mole  percent  for  about  the  same  charge 
weights?  Tables  4  and  5  do  not  show  these 
anomalies. 

REPLY  BY  F,  VOLK 

In  all  cases  wo  found  that  the  reaction 
gases  changed  strongly  between  vacuum  and 
0.06  MPu  argon. 

From  0.06  to  0.1, 0.2,  and  0.3  MPu  only  a 
little  change  of  the  products  was  analyzed,  see 
Table  5. 

I'ables  4  and  6  do  not  show  these  changes 
because  Table  4  deals  with  a  glass  confined 
charge  and  glass  confinement  behaves  like  a 
high  argon  pressure.  Table  6  shows  that  there 
is  nearly  no  changing  between  0.1  MPa  and 
0.3  MPa  of  argon. 


*  Los  Alamos  National  Laboratory,  Los 
Alamos,  NM 

**  Fraunhofer  Institut  fOr  Chemische 
Technologio,  I)  7607  Pfinztal,  FRG 


DISCUSSION 
JOHN  KURY 

Lawrence  Livermore  National 

Laboratory 

Livermore,  California 

The  product  composition  differences  seen 
between  experiments  with  confinement  and 
those  in  vacuum  are  primarily  due  to  reshock¬ 
ing  of  the  products  to  well  above  freeze  out 
temperatures  for  the  vacuum  experiments  (see 
Ornellas’  paper). 

REPLY  BY  F.  VOLK 

Yes,  1  agree.  Reshocklng  means  that  the 
freeze  out  temperature  of  the  water  gas 
equilibrium  shifts  to  a  higher  temperature  and 
that  carbon  formation  and  detonation  heat  is 
reduced. 

In  our  case,  it  is  shown  that  the  uncon- 
flnod  charge  under  argon  pressure  leads  to 
detonation  products  which  are  nearly  the  same 
as  from  the  confined  charge:  a  high  con¬ 
centration  of  CO2,  H2O,  and  C.  In  this  case, 
reshocking  must  bo  negligible.  However, 
under  vacuum  conditions,  products  have  been 
analyzed  which  are  very  similar  to  reshocked 
conditions;  a  high  content  of  H2  and  CO,  a  low 
heat  of  detonation,  and  a  high  freeze-out 
temperature  of  the  water  gas  equilibrium. 

DISCUSSION 

PER  ANDERS  PERSSON 
CETR/New  Mexico  Tech 
Socorro,  New  Mexico 

For  u  300  g  charge  of  these  relatively 
insensitive  explosives,  one  would  expect  the 
detonation  at  the  surface  of  the  charge  when  in 
a  vacuum  to  bo  a  groat  deal  less  ideal  than  at 
the  center  of  the  charge.  The  confinement  and 
Increased  Ar  pressure  would  presumably 
decrease  this  difference.  Do  you  feel  that  the 
glass-confined  300  g  charges  produce  reaction 
products  representative  of  those  from  a  large 
charge  of  the  same  explosive,  say  a  300  kg 
charge? 
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REPLY  BYP.  VOLK 

The  critical  diameter  of  the  charge  com* 
poeitione  we  have  analyzed  is  between  30  and 
40  mm.  Our  charges  that  we  investigated  in 
the  detonation  chamber  exhibited  diameters  of 
SO  mm.  So  wo  can  assume  that  by  increasing 
the  diameter  we  will  not  have  a  distinct  change 
of  the  detonation  products  compared  with  a 
glass-conAned  charge. 

DISCUSSION 

GREGORY  A.  BUNTAIN 
Los  Alamos  National  Laboratory 
Los  Alamos,  New  Mexico 

I  wonder  what  affect  the  argon  flash  in 
your  chamber  will  have  on  product  decomposi¬ 
tion. 

Could  some  of  the  changes  in  product 
distribution  in  the  presence  of  argon  be  a  result 
of  secondary  photolytio  reactions? 

REPLY  BY  F.  VOLK 

I  do  not  know  if  photolytio  reactions  are 
responsible  for  the  reactions  in  the  chamber. 


We  suppose  that  the  interaction  of  the 
early  detonation  products  during  the  expan¬ 
sion  process  with  the  argon  atoms  promote 
reactions  which  are  pressure  dependent  such 
as: 

2CO  CO2  +  C;  AH  =  -172.4 kJ/kg 

We  will  have  the  same  behavior  when  using 
nitrogen  as  inurt  atmosphere. 

DISCUSSION 

L  B.  AKST 

Los  Alamos  National  Laboratory 
Los  Alamos,  New  Mexico 

Regarding  re-equilibrium  by  shock  at 
container  walls,  a  calculation  at  LLNL  some 
time  ago  showed  that  products  would  not  reach 
the  walls  of  a  container  of  your  size  (-^1  meter 
diameter)  in  signiflcant  quantities  if  there  was 
ISO  mm  Hg  pressure  of  a  noble  gas  in  the 
sphere, 

REPLY  BY  P.  VOLK 

Thank  you  for  this  comment. 
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EXPLOSIVE  POTENTIAL  OF  CARBOHYDRATE-METAL  COMPOSITES 


A.  J.  Tulii,  J.  L  Au0ting,  W.  K.  Sumlda,  D.  E.  Baker,  and  D.  J.  Hrdina 

I  IT  Reaearoh  Institute 
Chicago,  Illinois  60616 


Chemical  equilibrium  computer  calculations  establish  that  typical 
carbohydrates,  such  as  starch  or  sugar,  would  provide  about  half  as 
much  energy  as  TNT  if  they  could  detonate.  Similar  computations 
using  metal  additives  to  these  carbohydrates  indicate  that  they  would 
provide  about  50  percent  greater  energy  in  detonation  than  TNT, 
Because  of  the  anticipated  difficulty  in  achieving  detonation  in 
carbohydrate-metal  composites,  experiments  were  conducted  using 
small  amounts  of  high  explosive  additives  to  these  composites.  In 
particular,  use  was  made  of  10  weight  percent  nitroglycerine  in  fi- 
lactose,  a  commercially  available  pharmaceutical  formulation,  Adding 
10  percent  aluminum  powder  to  this  composition  caused  it  to  become 
detonable  in  25.4-mm  steel  tubes  at  2500-mls  detonation  velocity,  and 
about  1,2-OPa  detonation  pressure  at  a  density  of  about  1,0  Mg/rn^.  A 
4,54-kg  charge  of  this  same  composition  was  detonated,  and  the  blast 
output  was  monitored.  It  was  established  that  the  blast  output  was  just 
slightly  less  than  that  for  TNT,  both  in  terms  of  blast  pressures  and 
impulses,  A  further  experiment,  in  which  40  weight  percent  ammonium 
perchlorate  was  added  to  this  composition,  resulted  in  a  blast  output 
more  than  twice  as  great  as  that  f\rom  an  equal  amount  of  TNT, 


INTRODUCTION 

Organic  high  explosives  (e.g.,  TNT,  RDX, 
and  PBTN)  are  metaatable  molecular  com¬ 
pounds  composed  of  carbon,  hydrogen,  nitrogen, 
and  oxygen  atoms;  l.e.,  CHNO  compounds. 
The  nitrogen  plays  a  key  role  In  bonding  the 
oxygen  atoms  (e.g,,  as  -NO2  or  -O-NOa),  but 
when  yielded  as  a  product  such  as  NO  or  HCN, 
does  not  appreciably  contribute  to  the  exother- 
micity  of  the  detonation.  It  does  provide  energy, 
in  that  its  bonding  in  the  metastable  CHNO 
explosives  provides  energy  release  even  when 
it  is  released  as  elemental  nitrogen.  This  is  the 
energy  release  mechanism  in  the  detonation  of 
the  azides,  such  as  lead  azide,  which  decom¬ 
poses  to  the  metal  and  N2.  Nevertholoss,  the 
lack  of  nitrogen  in  carbohydrates  is  not 
considered  a  disadvantage,  because  exothermic 
species  such  as  H^O,  CO,  and  CO2  are  the  metjor 
product  species  that  provide  the  energy  in 
decomposition,  or  in  detonation.  Let  us  now  con¬ 
sider  the  carbohydrates;  i.e.,  CHO  compounds. 


The  potential  of  energy  release  in  the 
explosion  of  carbohydrates,  such  as  starch  and 
sugar,  are  legend.  Of  course,  in  these  instances 
these  materials  are  fuels,  and  lead  to  cata¬ 
strophic  explosions  only  upon  dispersal  and 
combustion  in  air.  However,  these  materials 
are  also  known  to  undergo  autocatalytic 
decomposition,  even  under  anaerobic  condi¬ 
tions,  with  considerable  exothermic  energy 
release.  Consider  a  typical  unit  molecule  of 
starch,  and  assume  decomposition  as  follows; 

CeHjo06-+6C(B)  +  6HaO  (1) 

Under  this  ideal,  optimum  chemistry,  the  net 
energy  yield  would  bo  0.53  kcal/g  starch.  This 
is  about  half  the  energy  release  in  the 
detonation  of  TNT.  The  carbon  remains 
unroacted. 

Because  of  the  many  devious  decom¬ 
position  paths  of  starch,  as  well  as  of  most 
carbohydrates,  it  is  most  unlikely  that  they 
would  detonate.  Next,  consider  the  addition  of 
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a  metal  fuel,  such  as  aluminum,  to  this  typical 
unit  molecule  of  atarch: 

3  CeHioOfi + 10  Al-^6  AI2O3 + 1 8C(8)  -f  16  H2 

(2) 

Even  though  neither  the  carbon  or  the 
hydrogen  are  combusted  in  this  eimplifled 
chemistry,  the  net  yield  would  be  1.83  kcal/g 
starch  and  aluminum  reactants.  This  is  far 
superior  to  most  high  explosives. 

Initially,  the  intent  in  studying  these 
carbohydrate-metal  composites  was  to  consider 
them  as  energetic  fuels  for  use  in  fuel-air 
explosive  applications,  which  objective  is 
presently  under  investigation.  However,  they 
have  also  been  investigated  in  the  work  being 
reported  here  as  candidates  for  a  new,  very 
novel  approach  to  the  development  of  powerful, 
yet  extremely  safe,  insensitive  explosives. 

BACKGROUND 

Although  both  starch  (or  other  carbo¬ 
hydrate)  and  aluminum  (or  other  metal)  are 
both  extremely  energetic  when  combusted, 
they  manifest  their  energy  release  in  different 
ways.  In  considering  these  materials  as  fbels 
for  fuel-air  explosives,  thermochemical  com¬ 
puter  codes  were  implemented  to  assess  their 
potential  Chapman-Jouguet  (CJ)  character¬ 
istics,  if  they  were  to  detonate  as  dispersions  in 
air  at  various  concentrations.*  The  CJ 
temperatures  for  the  two  pure  components  are 
extremely  different,  with  starch  about  2600  K 
and  aluminum  about  4200  K  at  their  optimum 
concentrations  in  air,  Mixtures  of  starch  and 
aluminum  fall  at  intermediate  levels  of 
temperature  between  those  two  extremes.  In 
regard  to  the  amount  of  gas  output  fur  the  two 
pure  components,  atarch  provides  the  highest 
amount  of  gas  per  unit  weight  of  material, 
about  46  mol/kg,  while  aluminum  provides 
substantially  leas,  about  30  mol/kg  at  very  low 
concentrations  to  about  23  mol/kg  near 
stoichiometric  conditions.  This  is  as  expected, 
as  the  aluminum  forms  condensed  species, 
whereas  the  starch  forms  gases.  Again, 
mixtures  of  starch  and  aluminum  fall 
intermediate  between  those  two  extremes. 

However,  when  the  CJ  pressuros  are  con¬ 
sidered  for  the  two  pure  components  and  their 


mixtures  as  a  function  of  concentration,  it  is 
evident  why  mixtures  of  the  two  would  be 
advantageous;  i.e.,  both  starch  and  aluminum 
alone  provide  relatively  low  values,  just  over 
2  MPa  for  starch  and  about  2.4  MPa  for  alumi¬ 
num,  whereas  mixtures  of  the  two  components 
provide  CJ  pressures  greater  than  either  alone. 
This  is  due  to  the  fact  that  the  compromise 
between  the  very  high  temperatures  in  the  case 
of  the  aluminum,  and  the  very  high  amount  of 
gas  in  the  case  of  the  starch,  results  in  heating 
of  the  gases  to  achieve  much  higher  pressure. 
Of  particular  interest  is  the  80/20  weighf* 
percent  starch/aluminum  mixture,  for  which 
the  pressure  increases  monotonically  with 
increasing  concentration.  Computations  were 
extended  to  1  Mg/m^,  which  is  about  bulk  den¬ 
sity  of  these  materials.  For  comparative  pur¬ 
poses,  a  similar  computation  was  conducted  for 
TNT.  Figure  1  illustrates  the  results  of  these 
computations  over  four  orders  of  magnitude  of 
concentration;  i.e.,  from  an  aerosol  in  air  to 
essentially  bulk  compositions  exclusive  of  air. 
At  the  lower  concentrations,  the  higher  values 
of  pressure  are  attributed  to  the  influence  of 


Figure  1.  TIOEK  Code  Computed  Chapman- 
Jouguet  Pressures  for  a  Specific  Mixture  of 
Starch  and  Aluminum  and  for  TNT  as  a 
Function  of  Concentration  in  Air  from  an 
Aerosol  to  Bulk  Densities  of  1  Mghn^ 


*  All  percent  values  will  be  on  a  weight  basis, 
unless  stated  to  the  contrary. 
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air  on  both  TNT  and  the  slarch/aluminum 
mixture,  TNT  is  very  fuel-rich,  so  that  at  low 
concentrations^  oxygen  in  air  provides 
improved  performance.  However,  the  main 
purpose  of  this  illustration  is  to  demonstrate 
that  an  80/20  percent  starch/aluminum 
mixture  at  concentrations  approaching,  and 
achieving,  bulk  densities,  provides  CJ  pres¬ 
sures  almost  comparable  to  those  of  TNTI 

Hence,  additional  computations  were  con¬ 
ducted  and  effort  was  expended  into  investiga¬ 
tion  of  carbohydrate-metal  compositions  as 
explosives,  in  particular,  as  insensitive  explo¬ 
sives.  Of  course,  analytical  thermochemical 
computations  for  CJ  conditions  only  provide  CJ 
characteristics  that  could  be  expected  if  the 
investigated  material/composition  were  to  deto¬ 
nate.  As  will  be  shown  later,  even  starch  by 
itself  provides  relatively  good  CJ  characteris¬ 
tics,  if  it  should  detonate. 

Several  mixtures  of  starcli  and  aluminum 
powder  were  prepared  and  tested,  and  although 
very  energetic  outputs  were  obtained,  they  did 


not  detonate  under  the  conditions  of  the  tests; 
i.e.,  confined  in  26,4-mm  diameter  steel  tubes. 
Hence,  to  sensitise  these  compositions  so  as  to 
possibly  achieve  detonation,  small  amounts 
of  explosive  powders  were  added.  This  tech¬ 
nique  was  based  on  previous  work  involving 
the  detonability  of  very  poorly  detonable  explo¬ 
sives,  such  us  ammonium  perchlorate  (AP), 
which  were  sensitised  to  achieve  stable 
detonation  in  tubes  of  about  6-mm  diameter, 
using  as  little  as  2  or  3  percent  nitroguanidine 
(NQ).*^ 

ANALYTICAL  COMPUTATIONS 

Before  these  experiments  were  conducted, 
thermochemical  computer  computations  were 
conducted  to  assess  the  Influence  of  some 
molecular  explosive  additives  upon  CJ  charac¬ 
teristics  of  the  starch/aluminum  compositions. 
Tables  1  and  2  illustrate  the  influence  of 
various  amounts  of  NQ  and  PETN  additives; 
o.g.,  from  9  to  33  percent,  for  a  67/33  percent 
starch/aluminum  composition. 


Tahiti  1,  Computed  Chapman- Jouguet  Detonation  Characterietice  for  67/33  Weight  Ratio  Starch! 
Aluminum  Alone  and  u)ith  Various  Amounts  of  Nitroguanidine  Additive  at  a  Density  of  1,0  Mglrn^ 


67/33/00 

3463 

3.09 

3.49 

17.3 

61/30/09 

3343 

3.73 

3.78 

20.4 

65/28/17 

3272 

4.25 

4.01 

22.7 

62/26/23 

3296 

4.40 

4.06 

23.4 

45/22/33 

3093 

6.05 

4.40 

27.7 

Table  2,  Computed  Chapman- Jo  ague  t  Detonation  Characteristics  for  67/33  Weight  Ratio  Starch/ 
Aluminum  Alone  and  with  Various  Amounts  ofPETN  Additive  at  a  Density  of  1,0  Mg/m^ 


In  both  cases  all  of  Ihe  CJ  characteristics 
improved;  i.e.,  detonation  temperature,  pres* 
sure,  veiocity,  and  amount  of  gas,  except  in  the 
case  of  NQ  where  the  temperature  decreased 
with  increased  amounts  of  NQ,  Figures  2  and 
3  illustrate  the  influence  on  detonation  product 
species  as  a  function  of  explosive  additive.  It  is 
evident,  that  the  slightly  oxidizer-rich  PGTN 
explosive  causes  much  quicker  combustion  of 
carbon  to  CO  than  does  the  fuel-rich  NQ.  Hence, 
the  addition  of  explosives  to  the  carbohydrate- 
metal  compositions  causes  improvement  in  oxy¬ 
gen  balance  by  providing  oxygen  to  the  uncom- 
busted  carbon  and  hydrogen;  preferentially  for 


the  carbon  to  CO  first,  and  then  for  the 
hydrogen  to  H2O  next,  especially  in  the  case  of 
the  PBTN.  Species  below  3  mole  percent  were 
not  included  in  these  figures.  Even  at  the  high¬ 
est  levels  of  explosive  addition;  i.e.,  60  percent, 
there  is  insufficient  oxygen  to  combust  the 
hydrogen,  much  less  to  combust  the  CO  to  CO2. 

For  experimental  purposes,  use  was  made 
of  commercial  nitroglycerine  (NO)  as  available 
in  the  pharmaceutical  product  absorbed  on  (i- 
lactose  (LAC),  Therefore,  thermochemical 
computations  were  conducted  on  this  formula¬ 
tion  with  various  amounts  of  aluminum 


Figure  2,  TIGKIi  Code  Computations  of  the 
Influence  of  Nitroguanidine  Additive  on  a 
Typical  Mixture  of  Starch  and  Aluminum  at 
1.0  Mglm^  Regarding  the  Chapman-Jouguet 
Product  Species 


Figure  3.  TIQEK  Code  Computations  of  the 
Influence  of  PETN  Additive  on  a  Typical 
Mixture  of  Starch  and  Aluminum  at  1,0  Mglm^ 
Regarding  the  Chapman-Jouguet  Product 
Species 


'Table  3.  Chapman-Jouguet  State  Computations  for  LAC/NG/Al  Compositions  at  a  Density  of 
1.0  Mglm^  Using  the  Tiger  Code 


Composition  Percent 
LAC/NQ/AI 

Tsmasriimrii 

K 

Prossuro 

MPa 

Detonation  Velocity 
m/s 

100,0/00.0/00.0 

1703 

3948 

4087 

90.0/10  0/00,0 

1806 

4966 

4663 

86,6/09,6/06,0 

1890 

6710 

4771 

81,0/09,0/10,0 

1870 

6684 

4656 

76,6/08,6/16,0 

2321 

6668 

4619 

72,0/08,0/20,0 

2660 

6396 

4427 

67,6/07,6/26.0 

3022 

6073 

4199 

975 


additive.  Table  3  illustraies  the  results  of 
these  computations,  from  the  carbohydrate 
alone  to  76  percent  of  the  10/90  percent 
NG/LAC  and  26  percent  aluminum. 

As  was  indicated  earlier,  note  that  the 
carbohydrate  alone  is  theoretically  (thermo* 
dynamically)  capable  of  detonation.  For  the 
aluminum  additive,  it  appears  that  CJ  pres¬ 
sures  and  velocities  become  optimized  at  about 
6  percent,  degrading  considerably  beyond  about 
16  percent.  The  temperature,  of  course,  contin¬ 
ues  to  increase  with  increase  in  aluminum,  as 
would  be  expected,  due  to  continued  increase  in 
the  formation  of  highly  exothermic  AI2O3. 

Hence,  computations  indicated  that  about 
5  percent  aluminum  and  no  more  than  15  per¬ 
cent  was  optimum  for  the  aluminum  additive, 
whereas  explosive  additive  improved  without 
such  optimum  level,  to  the  extent  investigated 
at  50  percent  explosive.  Since  it  was  desired 
that  the  amount  of  explosive  additive  be  mini¬ 
mized,  eventually  no  explosive  additive  would 
be  desired  based  on  the  critical  conditions  for 
achieving  detonation  in  carbohydrate-metal 
compositions.  Later,  in  carbohydrate-metal- 
oxidizer  compositions,  the  least  amount  of 
explosive  that  would  provide  sufficient  sensiti¬ 
zation  of  the  composition  to  achieve  detonation 
was  desired.  However,  the  influence  of  various 
explosive  additives  on  the  computed  CJ 
characteristics  had  to  be  considered.  Therefore, 
computations  wore  conducted  using  glucose  as 
a  typical  carbohydrate  with  various  explosive 
additives;  o.g.,  NQ,  NG,  PETN,  RDX,  and 
HMX.  The  results  indicated  essentially  very 
little  variance  in  detonation  characteristics  in 
regard  to  the  type  of  explosive.  In  all  cases,  the 
temperature  continued  to  increase  in  the 
region  investigated;  i.e.,  up  to  25  percent 
explosive,  whereas  both  pressures  and  veloci¬ 
ties  appeared  to  peak  in  the  neighborhood  of  10 
to  16  percent  explosive  additive.  This  was 
especially  fortuitous,  since  the  experimental 
composition  that  was  to  be  used  in  this 
investigation  was  10  percent  NG.  Neverthe¬ 
less,  it  was  of  interest  to  assess  the  amount  of 
NG  as  a  variable  with  the  amount  of 
aluminum  to  be  added.  Figures  4  through  6 
illustrate  the  results  of  these  computations. 
TheamountofNGprovides  improvement  across 
the  whole  region,  except  at  the  higher  levels  of 


aluminum,  wherein  the  amount  of  NQ  makes 
little  difference.  In  Figure  4,  at  10  percent  NQ 
and  10  percent  aluminum,  a  near  optimum 
condition  for  detonation  velocity  is  achieved. 
In  Figure  6  temperature,  as  usual,  increases, 
although  here  it  maximizes  at  about  40  percent 
for  all  levels  of  NQ  additive.  Figure  6,  which 
illustrates  the  most  important  characteristic, 
indicates  a  maximum  of  10  percent  aluminum 
with  no  substantial  improvement  with 
increased  amount  of  NG.  This  further  con¬ 
firmed  that  the  10/90  percent  NQ/LAC  was 
near  optimum,  and  that  10  percent  aluminum 
would  also  be  near  optimum.  These  computa¬ 
tions  provided  the  basis  for  the  subsequent 
experimental  investigation. 

EXPERIMENTAL 

INVESTIGATION 

The  experimental  investigation  was 
conducted  using  two  types  of  experiments; 
(DconRned  "pipe"  tests  to  assess  the  detona- 
bility  of  the  compositions  in  terms  of  go/no-goof 
detonation,  as  well  as  establishing  detonation 
velocities  and  pressures;  and  (2)  large-scale 
blast-pad  experiments,  wherein  blast  outputs 
were  monitored  to  establish  relative  outputs  of 
the  compositions  in  comparison  to  standard 
explosives,  such  as  TNT. 

Confined  Diagnostic  Pipe  Tests 

Figure  7  illustrates  the  "pipe”  apparatus 
that  was  used  to  evaluate  the  detonability  of 
candidate  explosives,  as  well  as  to  measure 
both  detonation  velocities  and  pressures  at 
multiple  incremental  stations  over  an  extended 
distance;  i.e.,  304.8  mm.  This  experimental 
technique,  which  was  developed  and  described 
many  years  ago  by  IITRI,*  is  an  excellent 
diagnostic  device  for  evaluating  the  detona¬ 
tion,  as  well  as  deflagration,  characteristics  of 
explosives  and  pyrotechnics.  The  size  of  the 
device  is  made  sufllciently  long  to  establish 
steady-state  propagation  velocities,  if  they 
exist,  snd  the  diameter  can  be  varied  to 
evaluate  critical  diameter  effects.  Typically, 
the  device  is  25.4  mm  in  diameter  and 
304.8  mm  long.  The  collocoted  fiber-optic 
light-detector  probes  and  carbon-resistor  shock 
arrival-time/pressure  gauges  are  located  at 
multiple  stations  along  the  length  of  the  tube, 
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Figure  4.  TIQER  Code  Computations  of  Chapman^Jouguet  Detonation  Velocity  for  Glucose  at 
Several  Amounts  of  NO  Additive  as  a  Function  of  Aluminum  Additive  at  a  Density  of  1 ,0  Mg/m^ 
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Figure  5.  TIGER  Code  Computations  ofChapman-Jouguet  Detonation  Temperature  for  Glucose  at 
Several  Amounts  ofNG  Additive  as  a  Function  of  Aluminum  Additive  at  a  Density  of  1 .0  Mg/m^ 
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Figure  6.  TIGER  Code  Computations  ofChapman-Jouguet  Detonation  Pressure  for  Glucose  at 
Several  Amounts  of  NG  Additive  as  a  Function  of  Aluminum  Additive  at  a  Density  of  1 .0  Mg/rn^ 
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Figure  7.  Schematic  of  the  IITRI-Deueloped  Apparatus  for  Characterization  of  Detonation  or 
Deflagration  in  Explosive  and  Pyrotechnic  Compositions  with  Emphasis  Upon  the  Reaction  Flame 
and  Shock  Fronts 


and  provide  information  regarding  the  detona- 
tion/deflagration  velocity,  induction  time, 
pressure,  and  presence  of  instability  or 
transition  of  the  reaction  process;  or  steady 
propagation  velocity,  as  the  case  might  be.  The 
light'detector  sensors  respond  to  the  flame 
front  (and  reaction  duration)  of  the  reaction, 
while  the  pressure  gauges  respond  to  the 
shock/pressure  front,  Since  the  flame*  and 
pressure-iVont  sensors  are  collocated,  induction 
times  between  the  two  fronts  can  be  assessed. 
An  extended  reaction  zone,  generally  quite 
luminous,  is  also  observed  when  present  but 
may  complicate  the  resolution  unless  the  moni¬ 
toring  stations  are  sufTiciently  separated  or  are 
monitored  on  individual  channels.  In  the 
experiments  discussed  here,  the  light-detertor 
stations  were  101.6  mrn  apart,  and  their 
responses  were  monitored  on  two  channels;  i.e., 
the  odd-numbered  stations  were  monitored  on 
one  channel,  and  the  even-numbered  stations 
on  the  other  channel.  Hence,  on  each  channel 
the  distance  between  consecutive  stotions  was 
203.2  mm. 

The  use  of  the  carbon-resistor  gauges  to 
determine  detonation  pressures  has  been 
previously  described,^  but  considerable  present 
effort  is  being  conducted  to  better  quantify  the 
responses,  as  well  as  tc  develop  better 
utilization  of  theso  gauges  for  high  pressure 
output  explosives.  Their  present  use  for  the 
work  described  here  is  based  on  calibration 
procedures  using  Composition  C4,  RDX,  and 
NQ,  and  will  be  publi.ihed  in  the  near  future. 


Although  Illustrated  in  the  figure  of  this 
apparatus,  the  continuous-velocity  probe  was 
not  used  in  the  present  work.  Initiation  of 
detonation  is  generally  attempted  using  con¬ 
ventional  detonator  and  booster  pellets,  but 
further  augmented  by  using  one  or  more  sheet 
explosive  discs  of  Detasheet®,  as  needed,  of  the 
same  diameter  as  the  l.D.  of  the  tube. 
Overdrive  or  underdrive  is  readily  identified 
from  the  light-detector  signals. 

As  discussed  earlier,  for  expediency  the 
pharmaceutical  formulation  10/90  percent 
NQ/LAC  was  used  as  is,  and  additives, 
therefore,  caused  the  amount  of  NQ  to  vary 
accordingly;  i.e.,  the  ratio  of  NQ  to  the  LAC 
always  remained  unchanged.  Hence,  by  add¬ 
ing  10  percent  flaked  aluminum  powder  to  this 
inateriai,  thr  overall  percentages  became  as 
'  vs;  aluminum,  1C;  NQ,  9;  and  LAC,  81. 
Ti'.%  composition  was  tested  in  the  apparatus 
de.<rtbed  here,  and  detonated  with  stable 
vel'  ity  of  about  2600  m/s.  Figure  8  illustrates 
the  light-detector  output  signals  obtained 
using  the  fiber-optic  probes,  which  are  then 
plotted  incrementally  in  Figure  9.  It  appears 
that  the  detonation  was  initially  underdriven, 
and  accelerated  to  a  stable  velocity. 

In  another  test,  a  composition  containing 
u  5-pe''cent  additive  of  aluminum  was  simi- 
iariy  tested.  Figure  10  illustrates  the  stable 
detonation  velocity  observed  in  this  case.  It 
became  quite  stable  at  about  2000  m/s,  and 
appeared  to  be  initially  slightly  overdriven  by 
the  initiation  charge.  In  this  test,  the  actual 
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Figure  8,  Example  of  Fiber-Optic  Light-Detector  Probe  Signals  Obtained  in  the  Detonation  of  10190 
Percent  NQ/LAC  with  10  Percent  Aluminum  Powder  Additioe  in  the  Detonation! Deflagration  Tube 
Apparatus  Illustrated  in  Figure  7 
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Figure  9,  Incremental  Velocities  Obtained  from  the  Fiber-Optic  Light-Delector  Probes  for  the 
Detonation  of  10190  Percent  NGtLAC  with  10  Percent  Aluminum  Powder  Additive  at  a  Density  of 
1 ,0  Mglm^  Tested  in  the  Tube  Apparatus  Illustrated  in  Figure  7 
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Figure  10,  Incremental  Velocities  Obtained  from  the  Fiber-Optic  Light-Detector  Probes  for  the 
Detonation  of  10/90  Percent  NQ/LAC  with  5  Percent  Aluminum  Powder  Additive  at  a  Density  of  1.0 
Mg/m^  Tested  in  the  Tube  Apparatus  Illustrated  in  Figure  7 
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composition  percentages  were:  aluminum,  6; 
NO,  9,6;  and  LAC,  86.5.  A  composition  contain¬ 
ing  16  percent  aluminum  failed  to  detonate. 
Hence,  another  test  was  conducted  with  a  com¬ 
position  that  contained  1 2,6  percent  aluminum. 
In  this  case,  an  incipient  detonation  occurred, 
but  failed  by  the  third  monitoring  station. 

Chemical  equilibrium  TIQEK  code 
computations  for  the  10  percent  aluminum, 
10/90  percent  NG/LAC  composition  at  1  Mg/m^ 
predicted  a  detonation  velocity  of  4665  m/s, 
which  is  about  double  the  value  obtained 
experimentally.  !i  highly  probable  that  the 
test  condition  of  only  26.4-mm  diameter  was 
subcritical,  and  although  a  stable  detonation 
velocity  was  obtained,  it  was  not  the  CJ 
condition.  Further  studies  in  larger  tubes  will 
be  required  to  resolve  this. 

Nevertheless,  detonation  was  obtained  in 
both  the  compositions  containing  6  and  10 
percent  aluminum  additive.  The  composition 
containing  10  percent  aluminum  provided 
superior  velocity  and  pressure.  It  is  quite 
possible  that,  although  the  finest  aluminum 
powder,  i.e.,  flaked  aluminum  at  S  to  4  m^/g 
surface-to-masH  ratio,  was  used  (which  would 
be  equivalent  to  spherical  aluminum  particles 
of  loss  than  a  micron  diameter  fur  the  same 
surface-to-mass  ratio),  all  of  the  aluminum 
powder  was  not  available  to  the  detonation 
regime.  This  will  also  require  further  study. 

Large-Scale  Blast-Pad  Test 

Although  detonation  of  the  carbohydrate- 
metal  composition  was  achieved,  albeit  sen¬ 
sitized  with  NO  additive,  it  was  not  known  how 
much  energy  was  iit  fact  released  or  to  what 
extent  the  carbohydrate-metal  components 
were  Involved.  Therefore,  a  large-scale  uncon- 
fined  blast-pad  test  was  conducted,  using 
4.166  kg  of  the  same  composition  of  10  percent 
aluminum  and  90  percent  NQ/LAC.  The  com¬ 
position  was  placed  in  a  cardboard  cylindrical 
canister  of  177.8-mm  1. 1),  and  about  the  same 
height.  Implosive  initiation  was  achieved 
using  two  wraps  of  Cl  Detasheet®,  in  turn 
initiated  with  u  wugon-whenl  Dotasheef^^  on 
the  top  of  the  charge.  Hence,  the  total  weight 
of  the  initiation  charge  was  371  g.  Although 
this  is  a  considerable  amount  of  initiation 
charge,  it  was  believed  that  such  amount  and 


an  implosion  method  of  initiation  might  be 
necessary  because  of  the  anticipated  insensi¬ 
tivity  of  this  composition,  especially  in  the 
unconflned  condition. 

A  high-speed  16-mm  color  film  Photec 
camera  was  used  to  monitor  the  results,  in 
addition  to  the  blast  pressure,  impulse,  and 
arrival  times  obtained  ftrom  the  piezoelectric 
PCB  pressure  transducers  located  in  the  blast- 
pad  facility.  The  composition  did  detonate, 
generating  a  spall  Arom  the  center  of  the  26.4- 
mm  thick  steel  plate  upon  which  the  charge 
had  been  placed.  Such  spall  could  only  occur  if 
the  total  composition  detonated;  i.e.,  not  simply 
the  outside  wrap  of  Datasheet®.  However,  it 
was  also  evident  that  considerable  energy 
release  occurred  after  the  detonation,  as  a  huge 
orange  fireball  appeared.  This  is  consistent 
with  the  analytical  predictions,  and  indicative 
of  the  vast  amount  of  hot  carbon  generated. 

The  blast  data  from  this  test  are  plotted 
in  Figures  11  and  12,  and  compared  to  those  of 
a  TNT  hemisphere,  as  functions  of  scaled 
distance.  It  is  apparent  that  the  blast 
proBsures  were  comparable  to  those  of  the 
TNT,  especially  close-in  to  the  charge,  but  that 
the  scaled  impulses  were  well  below  those  of 
the  TNT.  Nevertheless,  these  results  are  very 


Figure  11.  Blunt  Pressure  Comparison  for  the 
Detonation  of  10/90  Percent  NG/LAC  with 
lOPercent  Aluminum  Powder  Additive  at  a 
Density  of  1.0  Mg/m^  and  Cast  TNT 
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Figure  12,  Bluet  Scaled  Impulee  Compariaon 
for  the  Detonation  of  10190  Percent  NQ/LAC 
with  10  Percent  Aluminum  Powder  Additive  at 
a  Denaity  of  1,0  Mglm^  and  Caat  TNT 

encouraging,  especially  since  no  effort  was 
made  to  compensate  for  the  extremely  fuel*rich 
condition  of  this  composition.  Such  effort  is 
presently  underway,  and  some  preliminary 
information  on  these  studies  is  included  here. 

Improved  Stoiohipmetry  Using 
Ammonium  Perchlorate 

Although  it  was  established  that,  under 
the  compromise  of  sensitizing  with  a  small 
amount  of  explosive  powder,  the  carbohydrate- 
metal  compositions  were  capable  of  detonation, 
both  components  are  indeed  excellent  fuels. 
Therefore,  in  order  to  assess  the  potential  of 
these  compositions  as  ingredients  to  insensitive 
explosives,  some  experiments  were  conducted 
using  various  amounts  of  AP  additive.  This 
work  is  currently  in  progress,  and  results  will 
be  published  at  a  future  date.  However,  some 
preliminary  results  are  included  here. 

Several  tests  were  conducted  with  the 
standard  NQ/LAC/AI  with  percentages  of 
9/81/10,  respectively,  to  which  16,  30,  and 
46  percent  AF  was  added.  These  compositions 
were  nominally  at  a  denaity  of  1.0  Mg/m^,  and 
achieved  detonation  velocities  between  3600 


and  4000  m/s  with  accompanying  detonation 
pressures  of  nominally  10  to  20  QPa. 

A  large-scale  test  was  also  conducted, 
using  4,166  kg  of  the  standard  NQ/LAC/Al 
composition,  to  which  40  percent  AP  was  added, 
This  test  was  also  conducted  upon  the  blast- 
pad  to  monitor  blast  output,  The  test  was 
conducted  in  an  identical  manner  as  the 
previously  described  large-scale  test  without 
the  AP,  The  output  of  this  detonation,  as 
expected,  was  substantially  greater  than  in  the 
case  of  the  tost  without  the  AP.  Figures  13  and 
14  provide  a  comparison  of  this  test  with  the 
former  test,  Figure  13  illustrates  the  blast 
pressures  that  were  obtained  for  both  testiv 
and  Figure  14  illustrates  the  scaled  impulse  for 
both  tests;  plotted  as  functions  of  scaled  dis¬ 
tance  in  both  cases.  As  these  are  logarithmic 
plots,  it  is  evident  that  the  composition  with 
the  AP  provides  very  substantial  improvement 
In  both  blast  pressure  and  impulse.  In  fact,  the 
improvement  of  the  composition  with  the  AP  is 
bettor  than  twice  the  effective  equivalence  for 
TNT, 


Figure  13,  Blaat  Preaaure  Compariaon  for  the 
Detonation  of  10/90  Percent  NQ/LAC  with 
10  Percent  Aluminum  Powder  Additive  (TF18) 
and  the  Same  Compoaition  at  60  Percent  with 
40  Percent  AP  Additive  (TF21),  Both  at 
Nominally  1,0  Mg/m^ 
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Figure  14.  Blast  Scaled  Impulse  Comparison 
for  the  Detonation  of  10190  Percent  NO! LAC 
with  10  Percent  Powder  Aluminum  Additiue 
(TF18)  and  the  Same  Composition  at  60  Per- 
cent  with  40  Percent  AP  Additiue  (TF21),  Both 
at  Nominally  1 .0  Mg/rn^ 


DISCUSSION 

The  detonation  of  carbohydrates  with 
metal  additives  appears  to  be  feasible,  and  was 
achieved  in  this  work  by  sensitising  the 
compositions  with  a  small  amount  of  explosive 
(for  expediency  NO,  although  it  is  believed 
that  comparable  results  would  be  obtained 
with  most  molecular  CHNO  explosives).  Both 
NQ  and  FETN  have  been  previously  used  to 
sensitize  pyrotechnics,  such  as  aluminum' 
potassium  perchlorate  and  Tenon<'>'aluminu.n, 
to  achieve  detonation  in  confined  pipe  tests 
similar  to  those  described  in  this  work.^ 
Hence,  although  those  curbohydrate'metal 
compositions  have  the  potential  to  be  useful  as 
insensitive  explosives,  or  as  components  of 
insensitive  explosives,  they  no  doubt  have  very 
large  critical  diameters  and  require  very  high 
thresholds  for  stimuli  to  achieve  detonation. 
Furthermore,  starches  and  sugars  may  not  be 
the  most  advantageous  candidates  in  the  vast 
domain  of  carbohydrates,  and  factors  such  as 
stability  and  particle  size  must  be  considered. 
Particle  size  has  not  been  emphasized  here,  but 
it  is  probably  the  major  factor  that  influences 
the  potential  detonability  of  the  compositions 


discussed  in  this  work,  as  well  as  in  typical 
fuel/oxidizer  composite  explosives.'^ 

Further  work  is  required,  and  is,  at 
present,  underway.  The  carbohydrate-metal 
compositions,  alone  and  with  oxidizer  additive 
to  improve  the  fuel/oxidizer  balance,  are 
expected  to  form  the  basis  for  novel  categories 
of  insensitive  explosives,  with  perhaps  an 
added  advantage  of  more  powerflil  explosives. 
However,  the  bulk  densities  of  these  com¬ 
positions  are  presently  too  low  to  provide  the 
anticipated  performance  that  would  be 
obtained  at  densities  comparable  to  typical 
high  explosives,  such  as  RDX  and  TNT. 
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DISCUSSION 

H.  QRYTINQ,  Gryting  Energetics 
Sciences  Company,  San  Antonio,  TX 

Can  you  indicate  the  reliability  of  detona¬ 
tion  of  sucrose  and  aluminum  mixtures  with 
and  without  ammonium  perchlorate  present? 
Have  you  established  any  detonation  limits  for 
such  mixtures?  Have  you  established  the 
amount  of  oxide  coating  on  the  aluminum  you 
use? 

REPLY  BY  A.  J.  TULIS 

We  have  not,  to  date,  obtained  sustained 
detonation  in  sucrose  and  aluminum  mixtures 
without  sensitizing  with  small  amounts  of 
explosive  powder,  probably  due  to  the  tre¬ 
mendous  insensitivity  (and  associated  critical 
diameters)  of  these  mixtures.  With  the 
presence  of  ammonium  perchlorate,  we  have 
qualitatively  achieved  detonation,  but  it  is  not 
known  to  what  extent  the  detonation  was 
driven  by  the  aluminum  and  ammonium 
perchlorate  irrespective  of  the  presence  of  the 
carbohydrate. 


,  M'l'  ■  I  •. 

Detonation  limitf  fprl  f^dil  oxidizer 
powders  are  not  specillc,  ^|ng  hlri^tions  of 
particle  size,  for  instarf];ie,  4)id  partiqlb  size 
distributions.  Our  studies  .lo  date  have  been 
concerned  with  the  feadbilit^  qf  achieving 
detonation  and  the  pdraihoteri^i  tha^  most 
critical,  such  as  liarticle  size  in  relatl^pn  to 
homogeneity  and  Stoichiometry. '  Wi^  do  not 
anticipate  determining  specific  detonation 
limits  except  as  established  in'  this,  work  for 
the  case  of  aluminum  adjdltive  to,  the  NG/LAC 
composition,  and  this  was  dependent  upon  the 
apparatus,  particle  size/geometry  of  the 
aluminum  powder,  and  confinement  and  pipe 
diameter,  Furthermore,  the  influence  of 
density  has  not  been  investigated. 

The  manufacturer  of  the  flaked  alumi¬ 
num  used  in  this  work  quotes  a  3  percent  by 
weight  aluminum  oxide  coating.  The  thickness 
of  the  aluminum  oxide  coating,  of  course, 
degrades  the  probability  of  detonation  as  well 
as  degrading  performance. 

DISCUSSION 

D.  F.  ALDIS,  Lawrence  Livermore 
National  Laboratory,  Livermore,  CA 

Do  you  have  any  experimental  results 
with  aluminum  and  starch? 

REPLY  BY  A.  J.  TULIS 

We  do  not  have  any  detonation  results 
with  aluminum  and  starch;  in  26.4  mm  diam¬ 
eter  steel  pipes  such  compositions  deflagrated 
violently.  At  present,  we  are  experimenting 
with  aluminum  and  starch  sensitized  with 
PETN,  RDX,  and  nitroguanidine  powder.  The 
problem  rests  with  obtaining  starch  of  suffi¬ 
ciently  small  particle  size. 
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Since  1980  siudies  of  free  radical  formation  in  condensed  phase 
explosives  and  propellants  have  expanded.  As  a  result,  free  radicals 
have  been  detected  in  most  well-known  energetic  materials  Including 
RDX,  HMX,  TATB,  tetryl,  TNT,  and  nitroguanidine.  Researchers  at 
F,  J.  Seiler  Research  Laboratory  (FJSRL),  the  Army  Armament 
Research  and  Development  Center,  and  the  Naval  Research  Laboratory 
(NRL)  have  contributed  to  much  of  the  current  literature.  Reports  of 
work  by  these  Laboratories  have  appeared  in  prior  Proceedings  of  the 
Symposium  (International)  on  Detonation,  Many  additional  reports  by 
these  and  other  researchers  have  been  published  in  the  scientific 
literature.  In  this  review,  the  detection  and  identification  of  free 
radicals  in  energetic  materials  is  summarised  and  discussed, 


INTRODUCTION 

Thlfi  review  covers  papers  from  1971  to 
1988  describing  the  analysis  of  free  radical 
products  In  condensed  phase  energetic  matori- 
als.  Free  radicals  are  paramagnetic  having  an 
electron  spin  quantum  number  of  S  2  1/2. 
Most  studies  of  free  radicals  !n  the  condensed 
phase  (including  crystals,  powders,  and  solu¬ 
tions)  have  detected  free  radicals  by  using  cw 
electron  paramagnetic  resonance  spectroscopy 
(FPR).  The  spectra  derived  from  cw  EPR  are 
used  to  determine  a  free  radical's  structure. 
Dynamics  of  the  electron  spin  system  require 
time-resolved  pulsed  experiments  yet  to  be  per¬ 
formed. 

Free  radicals  may  be  produced  in  con¬ 
densed  phases  by  electron  transfer  reactions  or 
by  fragmentation  of  parent  molecules  during 
photolytic,  thermal,  or  shock  initiation,  This 
review  is  divided  into  these  three  categories  of 
initiation.  This  review  is  not  comprehensive. 
In  particular,  the  vast  amount  of  material  of 
photolysis  of  nitroaromalics  in  solution  is  not 
covered.  Instead,  selected  papers  are  included 
whose  references  loud  to  most  other  literature 
on  this  subject.  Some  references  are  included 


in  the  suction  onlitlod  Shock  Initiation,  which 
do  not  report  experimental  detection  of  free 
radicals,  but  allude  to  their  formation. 
Tables  1  and  2  show  structures  of  the  mole¬ 
cular  and  free  radical  products  which  are 
referenced  by  Roman  numerals. 

PHOTOLYTIC  INITIATION 

The  number  of  papers  on  free  radicals  in 
energetic  materials  has  increased  since  1980; 
however,  several  key  papers  were  published  in 
the  period  from  1970-1980.  Early  studies 
recognized  that  photochemical  decomposition 
of  RDX  produces  free  radicals.  In  studios  by 
Stals  and  co-workers,*  powder  samples  of  RDX 
wore  irradiated  with  y-radiation  or  by  264-nm 
light  yielding  evidence  oli  paramaL-jnetic  NO^ 
and  other  unidentified  free  radicals.  The  EPR 
spectra  generated  at  77 K  were  invariant  to 
added  amounts  of  NO,  N02,  an'l  O2  during  the 
photolysis.  Mechanisms  of  decomposition  were 
suggested  from  those  results.  However,  in 
these  studies  only  paramagnetic  NO2  was 
specifically  identified.  During  the  same  period 
two  additional  papers  appeared  which  reported 
similar  findings  for  other  nltramines.  Bodnar 
and  Rowell^  give  one  of  the  first  reports  of 
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nltroxyl  free  radicals  formed  in  nitramines  as  a 
result  of  uv  photolysis.  In  this  study,  nitroxyl 
radicals  were  produced  for  a  series  of  cyclic 
nitramines  including  N-nitropyrollidine,  nitro- 
piperidines,  N-nitromorpholine,  and  cyclic  di>, 
tri<,  and  tetra^nitriimines  including  RDX  and 
HMX.  Their  study  found  that  at  room  temper- 
aturo  uv-irradiation  of  single  crystals  produced 
detectable  free  radicals  in  these  compounds 
except  in  RDX  and  HMX  where  irradiation  led 
to  degradation  of  the  crystals,  but  no  detect¬ 
able  BPR  signals.  Ultraviolet  irradiation  of 
solution  phases  produced  nitroxyl  radicals  at 
room  temperature  for  RDX  (1),  but  not  for 
HMX. 

Another  paper  by  Darnes  and  Paviot^ 
reported  results  for  uv  photolysis  of  RDX  and 
HMX  in  acetonitrile  solution.  These  research¬ 
ers  used  ^^N-labeled  and  deuterium  substi¬ 
tuted  RDX  and  HMX  to  deduce  the  structures 
of  the  nitroxyl  radicals.  They  also  reported 
that  the  irradiation  of  RDX  solutions  produced 
three  successive  paramagnetic  species  whose 
appearance  and  decay  depends  upon  temper¬ 
ature.  The  radicals  are  assigned  as  a  cyclic 
nitroxyl  radical  Q),  an  unidentified  radical 
with  a  spectrum  similar  to  that  observed  for 
thermal  decomposition  of  neat  RDX  near 
200*C,  and  a  third  radical  (12.).  HMX  wae 
found  to  produce  only  a  nitroxyl  radical  (jyy[ 
and  lY)  providing  evidence  of  different 
decomposition  pathways  of  these  two  nitra¬ 
mines.  Researchers  at  FJSRL  showed  that 
uv-photolysis  of  RDX  and  HMX  in  dioxane 
solution  produces  identical  nitroxyl  radicals  to 
those  reported  In  Reference  3,^  Photolysis  of 
N,N'-dimethyi-dlniiroxamide  produced  the 
radical  with  structure  2  in  Table  1 .  Photolysis 
of  dimethylnitramine  in  acetonitrile  was  found 
to  produce  (CHslNO*  radicals.  A  study  of 
photolyxed  single  crystals  of  dimethylnitra¬ 
mine  was  later  reported  by  Owens  and  Vogel  in 
1976.* 

The  initial  Rndings  of  Stale  that  NOj  is 
produced  in  photolyzed  RDX  powder  at  low 
temperatures  was  further  investigated  by 
researchers  at  NRL.  Single  crystals  of  RDX 
and  HMX  photolyzed  with  broadband  uv-light 
at  77K  are  shown  to  have  ordered  orientations 
of  NO3  in  these  crystal  lattices.  Different  sites 
corresponding  to  loss  of  both  axial  and 


equatorial  NOo  groups  were  assigned  to  the 
RDX  results.*^  HMX  has  higher  molecular 
symmetry  and  loss  of  NOg  due  to  dissociation 
of  the  N(S)-N(4)  bond  was  assigned.^^  NOg 
production  was  further  investigated  in  solu¬ 
tion.  RDX,  HMX,  and  Nitroguanidine  dis¬ 
solved  in  DMSO  and  DMSO-de  were  shown  to 
undergo  a  complex  uv-initiated  decomposition 
reaction  to  form  an  adduct  radicai  with  the 
deuterated  solvent  A  different  free 

radical  was  observed  from  RDX  uv-irradiated 
in  DMSO  01).  HMX  and  nitroguanidine  did 
not  produce  detectable  BPR  signals  in  DMSO 
during  uv-photolysis. 

There  are  several  energetic  materials  in 
which  stabilised  free  radicals  are  observed  at 
room  temperature.  Salt  crystals  of  nitro¬ 
guanidine  yield  detectable  levels  of  NOg  and  a 
second  radical  (XIV)  when  irradiated  with 
x-radiation  at  room  temperature.  These  struc¬ 
tures  were  correlated  with  the  reported  crystal 
structures.**  A  crystalline  phase  matrix  iso¬ 
lated  radical  (^2)  is  observed  by  uv-irradiation 
of  tetryl.*^  This  radical  is  stable  at  room 
temperature,  but  has  a  complicated  set  of 
single-crystal  BPR  spectra.  In  further  studies 
of  tetryl  at  NRL,  we  have  observed  that 
crystals  of  tetryl  exposed  to  visible  light  for 
uvsral  months  also  contain  the  same  radical, 
stable  at  room  temperature.  An  attempt  to 
analyse  the  complicated  BPR  spectra  is  in 
progress. 

The  photochemical  decomposition  of  TNT 
and  related  compounds  has  been  studied  by 
FJSRL.  Photolysis  of  TNT  in  dioxane  pro¬ 
duced  three  types  of  radicals:  a  radical  anion 
(XVII).  a  hydrogen-adduct  radical  (XVI).  and  a 
solvent-adduct  radical  (2Y).  The  radical  anion 
was  produced  immediately  upon  irradiation. 
The  formation  of  XVII  was  attributed  to  decay 
of  the  hydrogen-adduct  species  which  was 
observed  by  the  photolysis  of  TNT  in  diethyl 
ether.  Photolysis  of  the  related  compounds 
nitrobenxene  and  p-nitrotoluene  yielded  sol¬ 
vent  adduct  radicals.  Owens**  later  investi¬ 
gated  the  formation  of  uv-induced  radicals  in 
TNT  and  DNT  powders.  The  complicated 
powdor  spectrum  and  a  five-line  solution  phase 
spectrum  of  the  radical  extracted  into  benzene 
led  to  assignment  of  a  nitroso  anion  radical 
species  (XVllI).**  Similar  studies  of  TATB 
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Tabu  1,  Nitroxyl  RadicaU  ofErurgetie  MaUriaU 


Deaignation  Structure 
in  Text 

Parent 

Compound 

Meanaof 

Initiation 

Phaae"  Temperature^ 

References 

I 

0 

0|Jf  NOj 

RDX 

uv 

thermal 

aulfolane 

acetonitrile 

RT 

170*0 

2.3,20, 

21,29 

11 

RDXde 

uv 

DMSOde 

RT 

3,21 

111 

0 

n*no, 

LnJ 

iv, 

HMX 

uv 

thermal 

DMSO 

aulfolane 

RT 

190*C 

2,3,24 

IV 

0|H«H 

KS, 

HMX-d« 

uv 

crystal 

DMSO-da 

RT 

3 

V 

MlC  Cll, 

Dimethyl 

Nitramine 

uv 

DMSO 

RT 

3 

VI 

H  A  0 . 

NO, 

Tetryl 

uv 

cryatal 

RT 

3,31 

Vll 

RDX-de 

thermal 

aulfolane 

190*0 

28 

Vlll 

9 

«  0 

ROX/DMSO-de  uv 

DMSO-de 

RT 

20 

IX 

n«ini  -  0  .N-ii 

i>  1  • 

g  0 

RDX 

uv 

acetonitrile 

RT 

3 

X 

Q,N*<N-C‘*0-N^(10 

*  IMI  1 

0  e  e  H 1 

N-N'-dimothyl 

dinitroxamide 

uv 

acetnitrile 

RT 

3 

XI 

TNT 

thermal 

kieaelguhr^ 

240*0 

32 

Xli 

TNT/TNE 

thermal 

kleaelguhr 

240*0 

32 

"The  condenaed  phasea  are  Indicated  aa  the  medium  in  which  the  firee  radlcala  are  detected. 
Solvent  namea  are  indicated  for  aolutiona,  and  cryatal  or  powder  for  aolida. 

^Temperaturea  at  which  free  radicala  were  obaerved  are  liated. 


”  KleaelKuhr  ia  an  inert  powder. 
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Table  2.  Other  Free  HeuiicaU  of  Energetic  Materials 


Designation  Structure 
in  Text 

Parent 

Compound 

Means  of 
Initiation 

Phase* 

Temperature^ 

References 

XIII 

NO, 

RDX.HMX 

TNT.NCrCl 

uv 

cryatal 

powder 

RT,  <  RT 

1.6, 7, 9, 

13, 16, 26 

XIV 

H,N-y«N. 

NH, 

NQ^Cl 

x-ray 

crystal 

RT 

26 

XV 

AfN'NO 

i* 

nitrobenaene 

dinitrobenaene 

uv 

dioxane 

RT 

11 

XVI 

NH| 

NO, 

TATB 

uv-vis 

DMSO 

RT 

10 

XVII 

NO, 

TNT 

uv 

dioxane 

RT 

11 

XVIII 

ON, 

TNT 

uv 

benzene 

<6*C 

23 

XIX 

No" 

coo- 

¥ 

pnitro- 

phmnylacetate 

uv 

HaO 

RT 

33 

•  NO, 

XX 

Cu(NHa)J^ 

Cu(NHa)4(NOs)a  thermal 

powder 

160*C 

16,17 

*The  oondenued  phaiAi  are  indicated  aa  the  medium  in  which  the  ft'ee  radicali  are  detected. 
Solvent  namea  are  indicated  for  aolutiona,  and  cryatal  or  powder  for  aolida. 

*’Temperaturea  at  which  free  radlcala  were  obaerved  are  Hated. 


have  ahown  the  formation  of  a  hydrogen  adduct  containa  a  aingle  nitro  group,  haa  been  ahown 
radical  in  uv-irradiated  powders  In  to  produce  an  anion  radical  in  uv  photolyted 

related  atudloa  p-nitrophenyl  acotic  acid,  which  solutions 
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Some  general  observations  are  that  RDX 
and  HMX  undergo  dUTerent  photolysis  decom¬ 
position  mechanisms  as  shown,  for  example,  by 
References  2  and  16.  Another  significant  point 
is  that  different  EPR  spectra  are  observed  in 
the  solution  phase  photolysis  studies  of  TNT 
versus  the  spectra  observed  by  thermal  decom¬ 
position  of  TNT.  However,  the  nitroxyl  radical 
originally  postulated  by  Stale  as  occurring 
near  the  melting  point  of  RDX  has  been 
observed  in  thermal  decomposition  studies  as 
described  in  the  next  section. 

THERMAL  INITIATION 

Two  of  the  most  widely  studied  energetic 
materials  are  RDX  and  HMX.  Past  studies 
have  investigated  the  end  products  of  pyrolysis 
or  thermal  decomposition  pathways.  Some 
initial  pyrolysis  studies  of  HMX  used  matrix 
Isolation  to  detect  condensed  NOa  as  a  by¬ 
product  of  the  pyrolysis.*^  The  procedure  used 
by  these  researchers  consisted  of  heating  HMX 
slowly  in  a  constant  temperature  sandbath  or 
heating  HMX  rapidly  with  a  flame  or  quarts 
iodine  lamp  and  then  condensing  the  gaseous 
products  in  a  fVosen  argon  matrix  at  16K 
where  spectra  were  recorded.  Their  results 
detected  NOa  and  (NOa)a  bb  products  of  the 
rapid  heating  by  the  flame  and  NOa  und 
CHaN'  as  products  of  the  slow  heating. 
These  findings  were  significant,  but  only 
gaseous  products  from  thermal  decomposition 
of  HMX  were  detected. 

Since  1980,  research  has  addressed  real¬ 
time  condensed  phase  thermal  decomposition 
mechanisms.  In  three  separate  studies,  free 
radicals  in  RDX  have  been  shown  to  correlate 
with  temperature  as  RDX  was  heated  from 
room  temperature  to  200”C.  These  studies 
Include  neat  RDX,  RDX  in  solution,  and  RDX 
in  molten  TNT.  The  first  report  was  by 
researchers  at  FJSRL.^  Thermal  decomposi¬ 
tion  of  neat  RDX  was  found  to  produce  a  free 
radical  spectrum  from  the  molten  phase  near 
200''C.  A  steady-state  concentration  of  the  free 
radicals  can  be  detected  for  several  hours  from 
a  single  100  mg  sample  at  a  constant  tem¬ 
perature  of  196**C.  At  NRli  this  result  was 
reproduced  and  experiments  of  RDX  in 
solution  with  sulfolane,  a  viscous  high  boiling 
point  solvent,  provided  additional  results. 


Dilution  of  RDX  in  this  viscous  solvent  reduces 
the  diffusion  rate  of  the  molecules.  At  170^0,  a 
signal  was  detected  which  corresponded  to  the 
identical  nitroxyl  radical  observed  in  solution 
photolysis  studies  The  radical  is  con¬ 
sistent  with  less  of  NO  (Irom  the  parent  RDX 
molecule.  At  190*C  the  nitroxyl  radical 
decayed  and  a  free  radical  identical  to  that 
reported  by  FJSRL  in  neat  RDX  near  200*C 
was  observed.^^  Experiments  were  repeated 
with  the  same  conditions  using  Isotopically 
labeled  RDX-d«  and  RDX-^^N02  in  sulfo¬ 
lane.^^  The  results  were  consistent  with 
assignment  of  the  radical  spectrum  at  190‘C  to 
a  nitronyl  nitroxyl  radical  (YU),  This  assign¬ 
ment  requires  farther  work  to  be  conclusive. 

The  observation  of  RDX  free  radicals  has 
been  reported  using  different  experimental 
conditions.  RDX  in  molten  TNT  is  observed  to 
form  3  different  free  radicals  when  heated  at  a 
constant  temperature  of  The  first 

radical  formed  within  seconds  of  heating  and 
was  assigned  hyperftne  couplings  of 
Bn  =  .98mT  and  an  =  .3mT  with  four  equivalent 
proton  couplings.  A  second  fVee  radical  species 
having  a  spectrum  Identical  to  that  in  molten 
RDX  at  106*C  appeared  after  60  minutes  at 
146**C.  A  third  radical  was  assigned  as  NOa. 
The  third  radical's  formation  was  found  to 
correlate  with  the  decay  of  the  second  species 
suggesting  that  NOa  1b  derived  from  the 
decomposition  of  the  second  species.  The 
overall  experimental  evidence  suggests  that 
the  RDX  molecule  thermally  decomposes  by  a 
stepwise  process  with  the  molecular  rings 
intact  up  to  200”C. 

Similar  thermal  studies  of  HMX  reveal  a 
different  behavior.  When  neat  HMX  is  heated 
to  its  decomposition,  only  one  free  radical  EPR 
signal  is  detected.^  When  HMX  is  heated  in 
solution  with  sulfolane,  a  nitroxyl  radical  (HD 
spectrum  similar  to  that  observed  in  photolysis 
studies  is  observed.^^  The  significant  dllTer- 
ence,  as  compared  to  RDX,  is  that  no  secondary 
free  radical  was  observed. 

Attempts  have  been  made  to  use  the  spin 
trapping  technique  to  identify  the  free  radicals 
observed  during  thermal  decomposition  of 
RDX.  In  a  study  using  four  different  spin 
traps,  adduct  radicals  were  detected  at 
temperatures  well  below  the  decomposition 
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temperaturnH  of  RDX  (110'’C*160‘’C),  but  no 
assignmont  was  made  due  to  linebroadenlng.^’’' 

In  more  recent  studies  of  TNT  thermal 
decomposition,  adduct  radicals  have  been 
shown  for  the  First  time  to  form  by  intermcle- 
cular  coupling. This  study  by  McKinney, 
Warren,  Goldberg,  and  Swanson  shows  that 
neat  TNT  or  TNT  in  the  presence  of  hydrogen 
donors  (such  as  hexamethylbenzeno)  forms 
inter  molecular  nitroxyl  radicals  (jm  and  Xll). 
The  TNT  or  TNT/H-donor  mixtures  had  to  be 
dissolved  into  a  matrix  of  kieselguhr  in  order 
to  observe  the  signals.  The  mechanism  sug- 
gested  by  their  findings  correlates  closely  with 
the  mechanism  of  photolytic  decomposition  of 
nitramines  which  undergo  proton  transfer. 

SHOCK  INITIATION 

Shuck  or  impact  studies  of  energetic 
materials  provide  information  of  the  origin  of 
hot  spots,  the  propagation  of  hot  spots,  and  the 
sensitization  of  energetic  materials  during 
handling.  Field  and  co-workers^^  have 
described  how  viscous  heating,  frictional 
heating  due  to  mechanical  shear,  and  adiabatic 
compression  mochanisms  of  energetic 
materials  during  impact  cun  create  hot  spots. 
Studies  of  Kamlet  and  Adolph^  have  shown 
tliat  impact  sensitization  of  organic  high 
explosives  correlates  with  the  thermal 
decomposition  processes  guneratod  by  impact, 
in  support  of  this,  recent  progress  has  been 
mode  toward  identifying  diamagnetic  reaction 
products  formed  near  hot  spot  remnants  of 
impacted  TATB.^^  These  are  furoxan 
derivatives  of  TATH  wincii  arc  more  shock 
sensitive  than  TATU.  As  discus;:'‘d  in 
Reference  34,  the  discovery  of  furoxan 
derivatives  provides  additional  evidence  that 
thermal  procosccs  are  nignificunl  in  impacted 
explosives  since  furoxans  are  observed  during 
slow  thermal  decomposition  of  TATH. 
Paramagnetic  products  of  impacted  TATH 
have  also  been  delected.^  In  this  study, 
fei'mation  cf  NO2  was  observed  from  samples  of 
shocked  TATH,  in  other  studies,  TATH  was 
found  to  form  free  radicals  by  mechanical 
grinding  and  by  shock  initiation.  Studies  of 
Miles,  Gusiuveson,  and  DeVries  in  1983 
showed  that  mechanical  grinding  and  impact 
of  TATH  at  room  temperature  produces  a 


significant  increase  in  the  free  radical  EPR 
signal  of  TATB.^^  Evidence  of  shock  damage  in 
RDX,  TNT,  and  ammonium  nitrate  was  also 
detected.  When  subjected  to  shocks  of  20- 
40kbars  paramagnetic  products  in  TNT  and 
RDX  were  observed  at  room  temperature.* 
These  results  provide  direct  evidence  that  a 
shock  less  than  necessary  to  cause  detonation 
can  break  or  alter  internal  molecular  bonds. 

Explosives  may  also  be  desensitized  by 
shock.  Impact  formation  of  nitroso-dehivatives 
of  RDX  have  been  reported.®*  The 
trinitroBo-derivative  of  RDX  has  been  shown  to 
be  less  shock  sensitive  than  RDX.**  In 
unpublished  thermal  decomposition  studies  at 
NRL,  we  have  observed  that  the 
trinitrosu-derivativo  of  RDX  does  not  form 
nitroxyl  radicals  under  the  same 
decomposition  conditions  as  RDX.  This  may 
help  to  explain  the  absence  of  an  NO2  EPR 
signal  from  RDX  samples  subjected  to  shock 
pressures  less  than  4  kbar  since  formation  of 
nitroBo-derivatives  leaves  the  N-N  bonds 
intact.*^  (Shock  pressures  of  40  kbar  do 
produce  EPR  signals  in  RDX.*1  in  shock 
studies  oi* inorganic  explosives,  Owons******  has 
shown  that  copper  totramine  nitrate  converted 
completely  into  copper  diamine  nitrate  during 
shock  loading. 

SUMMARY 

In  general,  nitramines  are  found  to  form 
free  radicals  by  fragmonlalion  pathways, 
whereas  nitroarumatics  tend  to  form  adduct 
radicals.  Detection  of  free  radical  products 
produced  by  shock  has  not  been  as  extensively 
studied  as  photolytic  or  thermal  initiation  of 
free  radicals  in  energetic  materials. 
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DISCUSSION 

JACQUES  BOILEAU 
SNPE,  Paris,  Pt  ance 

Is  it  interesting,  in  order  to  understand 
some  mechanisms,  to  use  oligomers  free 
radicals,  such  as  disclosed  in  the  German 
Symposium  in  Freiburg/Breigan,  FRG  in 
March  1988? 

REPLY  BY  M.  D.  PACE 

l)lmerlv.atlon-like  mechanisms  have 
recently  boen  shown  to  bo  important  in  radical 
formation  during  thermal  decomposition  of 
TNT  mixtures.  Higher  order  oligomer  fonna- 
tiun  may  also  be  important;  however,  I  was  not 
aware  of  findings  of  the  Freiburg  Sy  mposium. 
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PROPERTIES  OF  BIS  (2, 2, 2,  -  TRINITROETHYL-N-NITRO) 
ETHYLENEDIAMINE  AND  FORMULATIONS  THEREOF 

Dong  Hnlahan 

Southweit  Instltuta  of  Chemioal  Material  and  Technology 
P.  O.  Boa  SIS,  Chengdu*  Sichuan,  CHINA 


Bit  (2,  2,  2-TrinitroetkylS‘nitro9lhyUMdiamine  it  a  ttro  oxygen 
balance  explotiue  (ZOX)  loith  eryttal  deneity  1,87  g/cm^,  detonation 
velocity  8976  M/8(po  » 1 ,842  gfcnr),  ZOX  it  ehamcterieed  by  ite  email 
critical  diameter,  eeneltivity  to  thoeh  and  exploding  bridewire 
initiation.  It  can  be  ueed  in  EBW  detonators,  explosive  trains,  and 
some  other  special  applications. 


THE  SYNTHESIS  OF  ZOX* 

ZOX  being  an  outstanding  representative 
of  explosives  based  on  nitroform  (NF)  was 
synthesised  first  in  1962  by  Avakyan  in  the 
USSR.  (The  yield  is  68  percent  on  NF). 
According  to  Avakyan’s  procedure  we  synthe¬ 
sised  ZOX  in  1962  and  designate'*  it  as  2# 
(Number  2  Explosive).  Then  we  studied  the 
synthetic  process  carefully  and  developed  two 
new  procedures: 

a  Adding  ethylenediamine/formalde- 
hyde  condensation  product  to  a  solution  of  NF 
in  diluted  nitric  acid  (NA),  followed  to  nitrate 
it  by  sulfUrie/nitric  acid  mixture.  The  yield  is 
78  percent;' 


CHaNH2  ^^:H2■NH-CHaO^^ 

I  +  2CHaO — ►  I 

CHaNHa  ^Ha-NH-CHaOH 


2HC(NOa)3 

2HNO3 


HaS04 

■2HaO 


HNO3 

CHa-NH-CHa-C(NOa)3 

CH2-NH-CH2-C(NOa)a 

HNO3 

NOa 

CHa-N-CH2-C(N02)3 

CHaN-CH2-C(NOa)3 

NOa 


e  Adding  ethylenediamine/formalde- 
hyde  condensation  product  and  sodium  nitrite 
simultaneously  to  acetylene  nitration  solution 
composed  of  NF,  NA,  and  a  little  mercury 
nitrate  as  a  nitration  catalyst: 


tHa-NH-CHaOil 

iHa-NH-CHaOlJ 


+  2HC(NOa)3  +  2NaN02 
+  2HN08 


NO 

CHa-N-CH3-C(NOa)3 
^  (!jHa  N.CHa-C(N02)3 
NO 


NO2 

HNO3 _  CHa-NCH2-C(N02)3 

HaSOs  (!)Ha-N-CH2-C(NOa)3 

NOa 


Filtrating  the  precipitated  Bis  (2,  2,  2- 
trinitroethyl-N-nitroso)  ethylenediamine  and 
nitrating  it  to  ZOX. 

ZOX  was  put  into  production  in  1969  in 
China. 

PHYSICAL  PROPERTIES  OF 
ZOX*^ 

ZOX  is  monoclinic.  Its  cell  parameters 
are  given  in  Table  1. 
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Table  1 .  Cell  Parameters  ofWX  The  crystal  density  is  1 .87  g/cm^  by  direct 

measurement.  X-ray  determination  gives  a 
value  of  1.88  g/cm.^ 

Its  melting  point  is  179.2-181.6*0  with 
decomposition. 

CHEMICAL  PROPERTIES  OF 
ZOX 

ZOX  is  relatively  stable  in  acids,  but 
sensitive  to  alkalis.  Reacting  with  NaOH 
The  data  of  its  bond  length  and  angles  are  solution,  ZOX  decomposes  to  ethylene  dinitra- 

given  in  Figure  1  and  Table  2.  mine,  nltroform  sodium  and  formaldehyde; 


Figure  1 .  Molecule  Constitution  of  ZOX 


Table  2.  Hand  Length  and  Angle  Data  of  ZOX 


Bond  Length  (A) 

Bond  angle  (degree) 

C,-Ci- 

1.643 

Na-Oi 

1.239 

^Ct  -Ni  -Na 

114.9 

ZOa-Na-Ni 

118.1 

Ci-N, 

1.482 

Na  -Oa 

1.219 

ZCt  -Ni  -Ca 

121.9 

Z03-Na.04 

128.3 

Ni-Na 

1.379 

Na-Oa 

1.206 

i^N|  -Ca  "Ca 

114.6 

^Og  -Ng  -C3 

116.1 

N,-C2 

1.432 

Na  -O4 

1.206 

^Ca  -Ca-Na 

111.9 

116.4 

Ca  ‘Ca 

1.631 

N4-O6 

1.212 

ZC2-Ca-N4 

110.6 

/:0aN4-08 

127.1 

Ca-Ng 

1.523 

N4-O6 

1.196 

^.Ca  -Ca  -Nj 

112.6 

ZC3-N4  -Oa 

116.8 

CaN4 

1.629 

N6-O7 

1.196 

^Ng  -Ca  -Na 

107.7 

^Cg  ■N4  -Og 

117.2 

Ca^Ns 

1.622 

Na-Oa 

1.217 

^N4-C3  Na 

106.8 

/i07-Na-04 

126.6 

- 

" 

- 

-Na  -Oa 

124.8 

ZOf  -Na  -Cg 

117.7 

” 

" 

- 

- 

^0|  -Na  N, 

117.1 

ZOa  -Na  -C3 

116.7 

IfOa 

(fHa-N-CHa  C(N0a)3  ^ 
CHa-Ijl-CHa  C(N02)3 
NOa 


(jJHa-NHNOa^ 

CH3-NHNO2 


(N02),C  =  N00Na+CH20 


ZOX  Is  soluble  In  acetone,  hot  NA  and 
dioxane,  methyl  and  ethyl  acetate;  slightly 
soluble  In  methanol,  ethanol  and  acetic 
anhydride;  insoluble  in  water,  ether,  benaene, 
toluene,  chloroform,  tetrachloromethane,  and 
diehloroothane.  It  can  be  purified  from  ethyl* 
acetate,  nitromethane,  NA,  and  dioxane.  The 
ZOX  solutions  in  solvents  containing  carboxyl 
radical  become  yellow  when  heated  for  a  long 
time.  The  solubilities  of  ZOX  in  some  solvents 
are  shown  in  Figure  2. 


2.  Methyl  acetate 

3.  nitromethane  0-dioxane 

X'N  A  (98.7  percent) 

Figure  2.  Solubility  of  ZOX 


The  combustion  heat  of  ZOX  is 
7.26MJ/Kg  (1732  Kcal/Kg)  and  its  formation 
heat  is  S3.6  KJ/mole  (12.79  Keal/  mole). 

DETONATION  PROPERTIES  OF 

ZOX3 

Owing  to  ZOX*s  sero  oxygen  balance  com¬ 
position,  it  has  a  high  detonation  heat.  The 
calculated  detonation  heat  is  1704  Kcal/Kg 
and  the  measured  is  1642  Kcal/Kg  (6.466  MJ/ 
Kg)  with  a  specific  volume  of  its  detonation 
products  0.712  M^/Kg. 

The  detonation  velocity  of  ZOX  is 
8970  M/S  (po- 1.842  g/cm^,  charge  diameter 
10  mm). 

Its  detonation  pressure  was  determined 
by  aluminium  fl'ee-surface  velocity  measure¬ 
ment  with  4>  100-  X  80-mm  charges  initiated 
by  a  plane  wave  lens.  In  view  of  the  haiards 
involved  in  the  process  of  pressing  100-mm 
diameter  billets  of  pure  ZOX,  we  formulated  a 
mixture  of  ZOX  with  the  additives  which  are 
the  same  as  those  of  PB-HMX-9169  to  measure 
its  Pcj.  The  experimental  data  are  shown  In 
Table  3. 

Standard  cylinder  tests  and  plate  push 
tests  were  performed  to  evaluate  the  ability  of 
ZOX  to  accelerate  metal.  In  the  plate  push  teat 
a  100-mm  diameter  80-mm-thlek  explosive 
charge  is  initiated  by  a  100-mm  diameter 
Comp  B/Baratol  plane  wave  lens  to  push  a 
96-mm  diameter,  2-mm-thlck  steel  plate.  The 
plate  velocities  0,  at  46  mm  displacement  are 
measured  with  a  streak  camera  technique  (see 
Figure  3).  Comparative  results  of  three 
formulations  in  cylinder  test  and  plate  push 
tost  are  given  in  Table  4.  Thus  the  increase  in 
energy  of  ZOX  over  HMX  is  about  6  percent. 

ZOX  is  characterized  by  its  small  cri¬ 
tical  diameter.  A  formulation  of  ZOX/silicon 
resin  (80/20)  was  tested.  Its  critical  diameter 


Tables.  Detonation  Parameters  ofPB-ZOX 


Explosive 

po(g/cm®). 

D(M/S) 

Pcj(OPa) 

K 

PB-ZOX-9169(96%ZOX) 

1.840 

B816±6 

37.8  ±  0.3 

2.79  ±  0.03 

PB-HMX-9169(96%HMX) 

1.860 

8862117 

36.8  1  0.2 

2.97  ±0.02 
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1.  Detonator 

2.  Booster 

3.  Lens 

4.  Steel  Case 

6.  Explosive 

6.  Plexiglass 

7.  Steel  Plate 

8.  Cavity 

9.  Barium  Nitrate 

10.  Plexiglass 

11.  AlPoil 


Tabu  4,  The  Kntrgy  Output  of  PB.ZOX 


Cylinder  Teat 

Plate  Push  Test 

Explosive 

TMD 

(g/cm“) 

(g/cm^) 

Po/TMD 

(%) 

E(19mm) 

(KJ/g) 

Po 

(g/cm®) 

Uf 

(Mys) 

1/2  U=‘f 
(KJ/g) 

PB-ZOX-9169 

1.866 

1.802 

97.1 

1.722 

1.840 

4632  ±22 

10.73 

PB-HMX-9169 

1.889 

1.863 

98.6 

1.661 

1.860 

4667  ±19 

10.38 

PBX-9404 

1.866 

1.841 

98.7 

1.620 

1.840 

4619±31 

10.21 

Figure  3,  Setup  of  Plate  Push  Tett 


in  open  channels  of  A1  plate  is  0.2  mm.  ZOX 
used  In  the  formulation  was  prepared  by  add* 
ing  Its  acetone  solution  to  cool  water  with  rapid 
agitation.  But  thermostability  of  so  obtained 
ZOX  is  exceedingly  decreased  (see  next  para¬ 
graph).  In  order  to  obtain  the  explosive 
mixture  with  qualified  thermal  stability, 
normal  ZOX  (recrystallized  from  ethyl  acetate, 
NA  or  NM)  must  be  used;  under  this  circum¬ 
stance  the  critical  diameter  of  the  formulation 
is  0.7  mm. 

THERMAL  STABILITY  AND 
COMPATIBILITY  OF  ZOX 

ZOX  is  the  most  stable  of  high  explosives 
based  on  NP.  However,  the  compounds  con¬ 
taining  the  NP  radical  generally  are  leas  stable 
than  common  nitrocompounds— which  are 
more  closely  related  to  the  longer  C-N  bond  in 
the  NF  radical  (1.623,  1.629,  1.622  A)  than  to 
that  of  normal  C-N  (1.47  A). 


Song  Quancai  et  al,  studied  thermal 
decomposition  of  ZOX  (double  recrystalllied 
B'om  NM)  with  Bourdon  glass  barometer.  They 
found  that  the  activation  energy  for  0.01  per¬ 
cent  sample  decomposition  in  the  temperature 
range  70-130T  is  36.8  Kcal/mole  and  the  times 
needed  for  0.01  percent  decomposition  (io.oi%) 
in  70-130°C  are  as  listed  in  Table  6.  The  data 
of  initial  decomposition  velocity  (Wo)  and  half 
life  (to.6>)  in  a  higher  temperature  range  (130- 
170X)  are  shown  in  Table  6  where  the  data  of 
PETN  (double  rocrystallized  from  acetone)  are 
given  for  comparison.^ 


Table  5.  Thermal  Decomposition  of  ZOX 


Temper¬ 

ature 

(’C) 

70 

86 

100 

115 

130 

10.01% 

(min) 

66760 

7428 

1212 

667 

28.2 
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Tabu  6,  Initial  Decomposition  Velocity  Wo(ml/min.  gramm)  and  Halflife  tg ,  5  (min.)  ofZOX  and 
PETN 


Table  7.  Experimental  Data  ofZOX,  PETN,  Tetryl  in  VST,  BQET,  CRT  and  TO 


Explosive 

VST120‘'C, 

48  hrs.,  ml/6g 

BQET  120*  C. 

48  hrs.,  ml/lg 

CRT150*C, 

2  hrs,,  miyig 

TGIOO’C, 

48  hrs.,  % 

ZOX  (Indust,  grade) 

HBHI 

1.861 

3.9 

0.06 

PETN  (Indust,  grade) 

>20 

28.2 

98.2 

0.23 

Tetryl  (Indust.  grade) 

1.12 

-- 

36.3 

0.09 

Table  8.  Effect  ofRecrystallixation  Process  on  Thermal  Stability  ofZOX 


Sample  No. 

Process  of  Recrystalllzation 

VST  100*  C,  48  hrB.,miyg 

1 

ZOX  recrystallized  IVom  ethyl  acetate-benzene 

0.09,  0.24. 

2 

ZOX  precipitated  by  pouring  acetone  solution 
of  sample  No.  1  to  cool  water  with  agitation 

8.7 

3 

PETN  precipitated  by  pouring  its  acetone 
solution  to  cool  water  with  agitation 

0.642 

The  experimental  roaults  of  ZOX,  PQTN  compatible  with  ZOX.  Some  VST  data  are 
and  Tetryl  in  VST,  Qaa  Evolved  Test  In  given  in  Table  9. 

Bourdon  glasa  (BQET),  CRT  and  TO  are  shown 

in  Table  7.  SENSITIVITY  OF  ZOX 

Therefore,  the  recrystal  Used  ZOX  is  more  The  results  in  the  Drop  weight  impact 

stable  than  recrystallized  PETN,  However,  test  and  Kazlov  friction  teat  show  that  ZOX  is 
ZOX  precipitated  by  pouring  its  acetone  solu-  more  sensitive  to  mechanical  stimulus  than 
tion  to  cool  water  with  agitation  owing  to  its  common  explosives  of  interest.  The  compara- 
crystal  defect  is  remarkably  less  stable  than  live  results  are  given  in  Table  10. 

PETN  as  shown  in  Table  8. 

The  compatibility  of  ZOX  with  related  Ity  ofZOX  to  low  value.  The  sensitivity  ofZOX 
materials  is  poor.  Experimental  data  In  VST,  formulations  to  impact  and  friction  can  be 
CRT,  BQET  and  DT-QC  show  that  only  a  few  of  reduced  enormously  when  composite  phlegma- 
binders  and  phlegmatizers,  like  silicon  rubber,  tizers  are  used  and  some  appropriate  amount  of 
fluororubbor,  end  fluorographite  (FG)  are  HMX  is  added.  The  sensitivity  data  of  such  a 
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Table  9,  Compatibility  Data  ofZOX  in  VST  fI20V,  48  hra.) 


Material 

ml/5g 

Mixture  (1;1) 

ml/6g 

ZOX 

3.70 

ZOX/nylon 

explode 

P2314 

1.16 

ZOX/F2314 

4.16 

Polyisobutylene 

0.26 

ZOX/PIB 

96.36 

Silicon  resin 

2.66 

ZOX/Silicon  resin 

2.60 

Wax 

0.56 

ZOX/Wax 

87.46 

Table  10.  Seneitivity  ofZOX,  HMX,  RDX ,  PETN  to  Impact  and  Friction 


ZOX 

RDX 

HMX 

PETN 

Friction  test 
(Percent  of  Explosion) 

Pendular  angle 
Cage  pressure 

90* 

26Kg/cm^ 

88% 

4% 

28% 

32% 

Pendular  angle 
Qage  pressure 

90* 

40  Kg/cm^ 

100% 

76% 

100% 

92% 

Impact  test 
(Percent  of  Explosion) 

Hammer  weight 
Drop  height 

10  Kg 

26  cm 

100% 

80% 

100% 

100% 

formulation  B-01  (ZOX/HMX  TATB/Fjan 
/Pj/Graphlto/Wax  =  70/22/  4/  2/0.6/0.6/  1)  are 
iihown  below:^ 


Impact  test 

10  Kg,  26  cm 

Friction  test  . 
90”,40Kg/em’> 

Heo 

cm 

0 

1 

4-16% 

78 

ZOX  is  more  sensitive  to  mechanical 
stimulus  than  common  explosives  of  interest. 
The  comparative  results  are  given  in  Table  10. 

ZOX  is  more  easily  initiated  by  shock 
wave  and  bridgewire  than  PETN  and  its 
detonation  builds  up  faster  than  that  of  the 
latter. 

Explosion  temperature  data  (at  6  second 
duration  time)  of  ZOX  and  some  other 
explosives  are  given  as  follows; 


Explosive 

ZOX 

PETN 

RDX 

Explosion 
Temperature  *C 

232 

226 

230 
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NTO  DEVELOPMENT  AT  LOS  ALAMOS 


Lonnte  B.  Chapman 
Los  Alamos  National  Laboratory 
Los  Alamos,  New  Mexico  8754S 


NTO  is  an  exploaiue  with  calculated  performance  near  that  ofHDX  but 
with  aensitivity  approaching  that  of  TATB.  Poaaible  uses  for  NTO 
would  be  aa  an  allernatiue  to  RDX  in  formulations  where  a  tower 
senaitivUy  is  desired  or  as  an  alternative  to  TATB  where  more 
performance  is  required  without  a  targe  increase  in  sensitivity,  Efforts 
have  been  concentrated  on  producing  NTO  and  in  testing  the 
performance  and  aensitivity  of  NTO  and  NTO  formulations.  Two- 
hundred  pounds  of  NTO  have  been  produced  and  some  performance 
and  sensitivity  data  have  been  obtained,  Work  is  being  done  to 
determine  the  diameter  effect  for  large-crystai-site  NTO,  Additional 
work  is  being  done  to  Improve  the  small-charge  diameter  performance 
of  NTO  by  adding  small  amounts  ofHDX  or  by  changing  the  crystal 
size  and/or  crystal  habit  of  the  NTO. 


INTRODUCTION 

A  new  molecule,  3-niiro‘l,2,4-triazole*6- 
one  (NTO),  was  found  In  the  literature* 
wUhout  reference  to  its  energetic  properties. 
NTO  was  first  rocogniifed  us  a  potential 
explosive  molecule  and  then  synthesized  by  K. 
Y.  Lee  and  M.  1).  Coburn**  at  Los  Alamos. 
Small-scale  sensitivity  and  thermal  tests  indi¬ 
cated  that  NTO  was  a  very  impact  Insensitive 
and  thermally  stable  molecule.  Preliminary 
performance  calculations  also  indicated  that 
the  performance  of  NTO  would  be  near  that  of 
RDX.  Bused  upon  this  preliminary  informa¬ 
tion,  NTO  was  synthesized  and  tested  in  small 
scale  at  Los  Alamos.  The  performance  of  NTO 
in  these  small-scale  tests  was  not  as  good  as 
the  preliminary  calculations  indicated  it 
should  bo,  therefore,  larger  quantities  were 
required  for  more  oxlensivo  performance  and 
sensitivity  tests  as  well  as  for  development  of 
NTO  formulations  that  might  be  useful  In  both 
DOE  and  DoD  applications. 

NTO  SCALE-UP  AND 
PRODUCTION 

NTO  production  begins  by  producing  the 
intermediate,  l,2,4-triazole-6-ono  (TO).  TO  is 
made  by  reacting  semicarba/ide  IICl  with 


90  percent  formic  acid  at  90  to  lOO^C  as  is 
shown  in  Figure  I,  NMR  studies  by  Don  Ott^ 
have  shown  that  the  reaction  to  TO  is  essen¬ 
tially  complete  when  the  IICl  gas  evolution 
stops  and  there  is  no  need  for  extended  reac¬ 
tion  times.  It  was  also  determined  that  some 
HCl  is  needed  to  complete  the  reaction  and 
that  semicarbazlde  alone  without  the  HCl 
stabilizer  does  not  produce  ring  closure  to  form 
TO.  TO  batch  production  has  been  scaled  up  to 
a  30-gal  reactor  with  recovered  product  weight 
of  16.62  kg  at  a  73,8  percent  yield. 

The  nitration  of  TO  to  NTO  Is  shown  in 
Figure  2.  NTO  reaction  yield  has  averaged 
76  percent  when  a  mixture  of  nitric  and 
sulfuric  acid  is  used  to  nitrate  TO.  The  highest 
yield  (87.6  percent)  was  obtained  when  the  acid 
mixture  was  first  added  to  the  reactor  and 
brought  to  60-70'’C.  The  acid  mixture  contains 
an  86:16  ratio  of  nitric  *o  sulfuric  acid  (the 
nitric  acid  concentration  used  Is  70  percent 
while  the  sulfuric  acid  is  96  percent).  TO  was 
then  added  slowly,  after  the  acid  reached 
reaction  temperature. 

NTO  was  produced  in  6-kg  batches  with  a 
total  recrystallizod  production  of  47.7  kg 
(104.9  lb).  Three  16-kg  batches  have  also  been 
produced  but  have  not  been  recrystallized. 
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Figure  1.  TO  Synlheele  Heactlon 


H 


.K 


C  N 

\  / 

N — C, 

/  \ 

li  II 


+  HNO3 


l,2,4-trlttzole-6-one 

('rO) 


TOXICOLOGICAL  STUDIES  ON 
NTOANDTO 

Toxicological  studies  have  been  done  for 
both  NTO*^  and  the  production  intormediato 
TO.^  Results  of  the  tests  indicate  that  neither 
NTO  nor  TO  present  concerns  of  acute  toxicity, 
skin  irritation,  skin  sensitization,  or  eye 
irritation.  In  fact,  the  acute  oral  LD  50  for  both 
NTO  and  TO  is  greater  than  6  g/kg  in  rats  and 
mice,  which  is  considered  only  mildly  or  non* 
toxic  in  both  species. 

DEPARTMENT  OF 
TRANSPORTATION 
CLASSIFICATION  TESTS 

Thermal  stability  and  sensitivity  tests 
wore  dono  at  Los  Alamos  in  order  to  apply  for  a 
D.O.T.  shipping  hazard  clasBification.  A  heat¬ 
ing  test  was  conducted  for  48  hours  at  and 
produced  no  evidence  of  decomposition  or  dis¬ 
coloration.  Two  ignition  and  unconHned  burns 
ware  done  with  a  single  sample  2x2x2  inches 
and  another  was  dono  with  four  samples  end  to 
end.  There  was  no  detonation  and  burn  times 
exceeded  300  seconds.  Impact  sensitivity  for 
large-particlo-sizo  NTO  is  much  less  than  RDX 
and  near  the  height  limits  of  the  Los  Alamos 
drop-weight  impact  machine.  The  shock 
sensitivity  was  tested  by  a  confined-gap  test 
and  results  were  comparable  to  PBX  9602  in 
the  same  test.  A  sample  of  bulk  NTO  was 
detonated  with  u  number -6  blasting  cap. 

Based  upon  the  results  of  these  tosts, 
NTO  fits  the  criteria  for  a  Class  A  explosive. 
NTO  has  not  received  a  permanent  D.O.T. 
classincation  at  this  time. 
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HIGH-SPEED-MACHINING  TEST 


+  II2O  +  AIIK 

N  — C 
/  \ 

II  NO2 

3-nitro  1 ,2,3-triazule-6'One 
(NTO) 

Figure  2.  TO  Nitration  Heaclion 


Pure,  pressed  NTO  and  NTO  cast  with  60 
weight  percent  TNT  have  undergone  high¬ 
speed-machining  tests.  The  standard  test  is 
performed  by  drilling  40  0.260-inch  diameter 
holes  into  an  explosive  charge.  The  drill  speed 
is  2260  HPiVI  and  the  penetration  rate  is 
0.026  inch  per  revolution.  NTO  is  soluble  in 
water  and  was,  therefore,  machined  dry.  Both 
samples  produced  no  reaction  during  testing 
and  wore  approved  for  remote-control 
machining  operations. 
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NTO  PERFORMANCE 

NTO  Cylinder  Tests 

Two-Inch  diameter  NTO  charges  were 
pressed  at  1.856^  1.825,  and  1.800  g/cm^.  The 
diameters  were  machined  to  fit  into  2-inch  dia¬ 
meter  copper  cylinders  for  cylinder-expansion 
testa.  Two  of  the  three  charges  were  fired 
sucoesafiilly  indicating  NTO  has  a  performance 
greater  than  TATB. 

Confined  NTO  Plate>Dent/Detonatlon 
Velocities 

Seve.ral  plate-dent  tests  were  made  with 
explosives  of  known  performance  to  try  and 
calibrate  a  confined  plate-dent  test.  The  explo- 
oives  were  confined  in  schedule  80  steel  pipe 
with  an  inner  diameter  machined  to  accept 
l-S/8‘lnch  pressed  charges.  NTO  was  also 
tested  in  the  same  manner  to  determine  if 
conflnement  would  improve  its  performance  in 
smaller  diameters,  The  preliminary  measured 
velocities  are  shown  in  Table  1  along  with 
calculated  values.  Additional  tests  were  done 
with  NTO  pressed  to  97%  TMD  (1 ,871  g/cm^)  in 
both  confined  and  uneonflned  modes  for 
comparison.  The  detonation  velocities  are 
obtained  from  plesoelectric  pins  in  contact  with 
the  HE  surface  and  are  for  screening  only. 
Those  results  Indicate  that  there  is  a  diameter 
effect  present  in  NTO  fired  In  1-6/8-lnch 
diameter  at  high  densities. 

NTO  Failure  Diameter  and  Diameter 
Bffeot 

Experimonts  were  performed  by  Ray 
Rngelke”  to  determine  diameter  effects  and 
failure  diameter  of  large-crystul-size  NTO 
(Blend  87-10).  The  first  NTO  charges  were 
pressed  to  1.868  g/om^  (96.8%  TMD)  and 
machined  down  to  36  mm  diameter.  A  36  mm 
diameter  rate  stick  was  fired  and  propagated 
at  8.176± 0.001  km/s.  A  second  rate  stick  was 
fired  that  included  three  different  diameters; 
32.6,  2B.0,  and  26.36  mm.  A  third  rate  stick 
was  set  up  with  26.1,  19.1,  and  16.7  mm 
diameter  NTO  charges  arranged  from  large  to 
small  diameter  following  the  booster.  This 
failed  in  the  26.4  n^m  diameter  section. 


Table  1.  Performance  Comparisons 


Density 

(g/cm®) 

Calculated 

(uneonflned) 

Measured 
Det.  Vel. 
(km/s) 

Pres. 

(kbar) 

Vel. 

(km/s) 

1.93 

(100%  TMD) 

340 

8.67 

— 

1.871 

(97%  TMD) 

— 

... 

8.22 

confined 

1.871 

(97%  TMD) 

— 

— 

8.12 

uneonflned 

1.865 

(96.1%  TMD) 

306 

8.34 

8.20 

confined 

1.825 

(94.6%  TMD) 

294 

8.21 

8.09 

confined 

1.800 

(93.3%  TMD) 

283 

8.11 

8.02 

confined 

Rate  sticks  are  normally  initiated  using 
an  RP-1  detonator  with  a  1/2  inch  diameter  by 
1/2  inch  high  PBX  9407  booster  pellet.  This 
booster  pellet  then  initiates  a  PBX  9404  charge 
that  is  at  least  as  large  in  diameter  an  the 
largest  diameter  test  charge.  A  fourth  NTO 
rate  stick  was  assembled  with  an  NTO  charge 
26.76  mm  diameter,  using  a  booster  consisting 
of  a  P22  plane-wave  lens  followed  by  a 
0.26  inch  thick  by  2  inch  diameter  PBX  9404 
charge.  This  rate  stick  propagated  its  entire 
length  with  a  steady  velocity.  Detonation  velo¬ 
city  results  are  shown  in  Table  2.  These  results 
indicate  the  failure  diameter  of  largo-crystal- 
sise  NTO  at  this  density  is  near  one  inch. 

NTO/Binder  Formulations 

NTO/binder  formulations  in  96/6  weight 
percent  concentrations  wore  tested  in  6  g  slurry 
batch  sizes  to  determine  compatibility  before 
IVirther  scale-up.  FPC-461,  Vlton-A,  Kel-F 
800,  Bstane,  and  Kraton  Q  were  evaluated  fur 
possible  binders.  None  of  the  NTO/binder 
combinations  showed  evidence  of  incompati¬ 
bility.  All  of  the  binders  produced  a  formula¬ 
tion  that  was  loss  impact  sensitive  than  the 
pure  NTO.  Ethyl  acetate  was  chosen  over 
MEK  as  a  solvent  because  it  produced  a 
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better  attraction  between  the  lacquer  and  the 
explosive.  Because  NTO  is  soluble  in  hot 
water,  a  saturated  NTO  solution  at  66T  was 
used  as  the  carrier  instead  of  pure  water.  NTO 
was  mixed  with  the  lacquer  to  provide  intimate 
contact  and  welting  of  the  NTO  crystals  before 
the  water  was  added.  Based  upon  high  binder 
density  and  the  higher  bulk  densities  obtained 
in  the  initial  6-g  scale  work,  four  binders  were 
chosen  for  scalo-up  to  SO-g  batches,  Kraton  Q 
did  not  produce  an  acceptable  formulation.  As 
was  found  in  the  6-g  scale  batches,  FPC-46I 
produced  the  best  agglomerates  with  a  bulk 
density  of  0.7  -  0,76  g/cm^.  Based  upon  small- 
scale  results,  FPC  461  was  used  to  make  a  1-kg 
batch  of  X-0483* **  by  the  water-slurry  method. 


Table  2,  NTO  Blend  87-10  Detonation  Velocity 


Diameter 

(mm) 

Oet.  Vel.  (km/s) 

Density 

(g/cm^) 

36.00 

8.176  ±  0.001 

1,868 

32.61 

8.160  ±  0.001 

1.870 

28.91 

8.169  ±  0,004 

1.869 

26.36 

8.144  ±  0,001 

1.867 

26.40 

Failed 

1.868 

26.76 

8.142  d:  0.006 

1.870 

NIWINT  CASTINGS 

X-0489'*'''  was  cast  in  one  4-inch  diuineter 
by  6-inch  high  cylinder  and  in  eight  1-5/8-inch 
diameter  by  4-inch  high  cylinders.  All  the 
charges  wore  radiographed  and  showed  mini¬ 
mal  shrinkage  and  bubbles.  Vacuum  was  not 
applied  to  the  melt  but  the  castings  wore  cooled 
from  the  bottom  to  the  tup.  A  casting  sample 
was  taken  for  thermal-stability  and  impact- 
sensitivity  testing  and  a  release  has  been  issued 
for  this  butch.  The  4-lnoh  diameter  by  6-inch 
high  cylinder  was  used  for  a  high-speed 
machining  test.  After  the  material  passed  the 
machining  test,  the  casting  risers  were  removed 
from  the  I -6/8-inch  charges,  which  were  then 
fired  in  a  combination  plate  dentyrute  stick  to 


*  X.  0483  -  96/6  wt%  N'rO/FPC-461 

**  X-0489  -  60/60  wt%  NTOn’NT 


determine  the  performance  of  the  X-0489.  The 
results  are  shown  in  Table  3,  along  with  a 
calculated  performance  for  comparison. 


Table  3,  Performance  of  X-0489  Caetinge 


Stick 

Number 

Density 

(g/cm^) 

Pressure 

(kbar) 

Det.  Vel. 
(km/s) 

1 

1.733 

240 

no  data 

2 

1.717 

241 

7.226  ± 
0.011 

3 

1.720 

242 

7.226  ± 
0.008 

Calculated 

1.720 

246 

7.66 

NTO  RECRYSTALLIZATION 

Introduction 

Normally  NTO  is  recrystallized  from  hot 
water  after  initial  production  to  remove 
entrapped  nitric  acid.  A  mean  particle  else  of 
260  microns,  shown  in  Figure  3,  is  obtained  by 
the  normal  recrystalllaation  method  of  cooling 
the  entire  vessel  and  contents  from  90  to  6‘‘C 
over  a  30-minute  period.  A  smaller  particle 
sise  was  desired  for  PBX  formulations  work 
and  to  determine  the  effect  of  smaller  particles 
on  performance,  sensitivity,  and  failure  diam¬ 
eter.  Preliminary  results  indicate  that  impact 
sensitivity  and  performance  do  change  with 
particle/crystal-siso  distribution. 


Figure  3.  NTO  Hecrystallized  Slowly  From 
Water 
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NTO  Recrystallhation  From  Water 

Work  waB  done  to  reduce  NTO  particle 
atae  by  craah  precipitating  a  saturated 
NTO/water  solution  at  93”C  into  ice  water.  The 
molting  ice  maintained  the  recrystallization 
temperature  between  0  and  d^C.  Particle  size 
in  this  batch  (LBC-IU-TB)  averaged  about 
40  microns,  SEM  photographs  in  Figure  4 
show  that  the  NTO  clumps  are  made  up  of  6  to 
25  micron  crystals.  These  clumps  are  smaller 
and  more  randomly  arranged  than  previous 
precipitations  done  at  6  to  20'’C . 

NTO  Batch  Reorystallbsatlon  From  NMP 

Particle/crystal  size  were  reduced  further 
by  dissolving  NTO  into  N-methyl  pyrrolidone 
(NMP)  in  a  66  g/100  g  concentration  at  90”C. 
This  solution  was  poured  into  ice  water  with 
agitation  and  with  ice  being  added  to  maintain 
the  temperature  below  6*’C.  Batch  LBC-1II-6C, 
shown  in  Figure  6,  was  made  using  this 
procedure.  This  SEM  photograph  shows  60  to 
100  micron  "clumps**  that  contain  many  2  to 
10  micron  crystals,  but  the  crystals  are  run* 
doinly  packed  and  look  like  they  contain  a 
large  amount  of  voids. 

NTO  dissolved  in  NMP  and  crashed  into 
ice  water  can  produce  spherical  crystal  growth 
that  is  similar  to  spherical  NQ  produced  at  Los 
Alamos.  The  crystal  size  produced  with  a  3:1 
ratio  of  ll20:NMP,  shown  in  Figure  6,  is  very 
small  (i.e.,  1-6  microns)  and  is  in  spheres  rang¬ 
ing  from  10  to  30  microns  in  diameter.  Indivi- 
lual  crystal  size  can  bo  controlled  by  changing 
the  ratio  of  ice  water  to  NMPiNTO  solution. 
Agglomerates  containing  a  random  arrange¬ 
ment  of  small  crystals  cun  bn  obtained  by  adding 
additional  NMPiNTO  solution  to  the  combined 
solutions  after  crystal  formation  has  begun. 

Small  crystal-size  (i.e.,  1-10  micron) 
spherical  NTO  produced  by  butch  recrystul 
lizetion  from  NMP  was  pressed  into  1/2  inch 
diameter  pellets  for  plate  dent  comparison  with 
previously  produced  N'ro,  Plate-dent  results 
for  Batch-IlI-222,  ahov;n  in  Figure  7,  were 
263  kbur  at  1,764  g/cm'*  (91,4%  'fMD)  and 
267  kbur  at  1,827  g/cm^  (94,7%  TMD).  Drop- 
weight- impact  sensitivity  is  about  200  cm  for 


Figure  4.  NTO  Craeh  Precipitated  From  Water 


Figure  6.  NTO  Recryatallized  From  NMP, 
Random  Growth 


Figure  6.  NTO  Crystallized  From  NMP, 
Spherical  Growth 
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this  smull-crystaNsize  material.  Thoso  results 
are  not  Bigniflcantly  different  from  other  small- 
crystal-size  NTO,  which  indicates  that 
spherical  crystal  habit,  does  not  seem  to  be  us 
important  as  individual  crystal  size  in 
reducing  failure  diameter. 

Plate-dent  results,  shown  in  Figure  7, 
indicate  the  performance  of  Butch  I.1BC-III-6C 
(designated  6C)  is  close  to  the  BKW  prediction 
while  the  other  small-particle-size  batches 
(designated  7a  and  222)  perform  better  than 
the  largo-particle-size  NTO  at  the  same 
density.  Previous  unconllned  plate  dents  using 
large-purticle-size  NTO  in  1/2-  and  1-inch  dia¬ 
meter  failed  to  propagate  at  densities  greater 
than  1.7D  g/cm^.  Also  1/2-inch  diameter  plate 
dents  using  NTO  Blend  87-10  failed  to 
propagate  at  1 .78  g/cm^.  Unconfmed  1-6/8  inch 
diameter  plato  dents  using  largo-particle-sizc 
NTO  have  propagated  at  densities  up  to 
1.872  g/cm^  but  the  performance,  shown  in  Fig¬ 
ure  7,  is  lower  than  expected  and  begins  to  drop 
with  increasing  density  at  1,866  g/cm^.  These 
results  show  that  smaller  particle  sizes  can 
improve  N'1'0  performance  in  small  diameters 
and  might  perform  close  to  BKW  predictions  at 
higlier  densities  in  larger  diameters. 


Figure  7.  Charge  Density  (glcm^) 


NTO  Continuous  Kecrystaliization  From 
NMP 

Kquipmont  for  continuous,  single-vessel 
recrystullization  was  tested  at  a  rate  that 
would  produce  800  g/h  of  NTO  at  90  percent 
yield  The  NTO/NMP  solution  is  first  cooled  to 
room  temperature  before  mixing  with  the 
water  to  reduce  the  amount  of  heat  exchange 
required.  NTO/NMP  remains  a  stable  solution 
for  several  hours  at  room  temperature  in  the 
concentration  used.  The  coolant  temperature 


was  increased  from  -12  to  -6*’C  and  a  distilled 
water  flush  was  installed  to  reduce  heat 
exchanger  plugging. 

A  new  recrystallization  vessel  is  being 
made  to  allow  flow  patterns  approaching  plug- 
flow  and  to  provide  capacity  for  increased  flow 
rates.  The  new  vessel  is  jacketed  to  provide 
cooling  to  replace  the  double-pipe  heat 
exchanger  that  is  currently  causing  plugging 
problems. 

NTO/RDX/BINDER 

FORMULATIONS 

PBXs  using  mixtures  of  NTO  and  RDX 
are  being  prepared  in  an  attempt  to  reduce  the 
failure  diameter  of  NTO  formulations.  The 
failure  diameter  as  a  function  of  RDX  content 
will  be  investigated.  PBXs  containing  both 
NTO  and  RDX  were  successfully  made  with 
good  agglomerate  size  and  strength.  Impact 
sensitivity  and  thermal  analysis  data  for  these 
PBXs  indicate  there  is  no  incompatibility 
between  NTO,  RDX,  and  those  binders. 
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DISCUSSION 

I.B.MISHRA 
Kanan  Associates,  Inc. 

Churchville,  MD 

I  am  wort'ied  at  how  easily  you  get 
spherical  NTO,  and  its  aigniilcantly  reduced 
impact  data  and  yet  contradictory  other  data. 
You  also  show  voids  (more)  in  spherical  NTO. 
Is  it  possible  you  have  solvent  sticking  to  it? 
Have  you  analyzed  this? 

REPLY  BY  L,  CHAPMAN 

The  spherical  NTO  has  been  analyzed  for 
residual  solvent  by  NMH  and  there  is  no  signif¬ 
icant  amount  evident. 

DISCUSSION 

F.  VOLK 

Franhoffer  Institute 
Pfinztal.FRG 

Can  you  say  something  about  the  melting 
and  decomposition  behavior  of  NTO? 

REPLY  BY  L.  CHAPMAN 

N'1'0  shows  nc  endotherm  or  exotherm  in 
our  standard  DTA  until  decomposition  takes 
place  at  about  260^C. 


REPLY  BY  L.  CHAPMAN 

Recrystallization  from  water  removes  the 
residual  nitric  acid  that  is  trapped  in  the  cubic 
crystals  during  the  nitration  reaction. 

DISCUSSION 

C.  D.  HUTCHINSON 
Atomic  Weapons  Establishment 
Reading,  UK 

Have  you  any  information  on  the  hazard 
properties  of  NTO  or  its  formulations? 

REPLY  BY  L.  CHAPMAN 

The  above  paper  contains  all  the 
information  the  author  has  on  the  hazard 
properties  of  NTO  and  its  formulations. 

DISCUSSION 

L.  ROTHSTEIN,  Consultant 
Newport  News,  vA 

Nitration  in  an  inert  solvent  may  solve 
the  problem  of  impurity  formation,  is  easier  to 
control  nitration  temperature,  and  if  chosen 
well,  will  precipitate  a  pure  material  by 
precipitation  that  should  not  require 
recrystallization. 


DISCUSSION 

H.  SHUBERT 
Franhoffer  Institute 
PfinztaUFRG 

Do  you  find  othur  liquid  in  tho  cubic 
N'i’O? 
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USE  OF  OXYNITROTRIAZOLE  TO  PREPARE  AN  INSENSITIVE  HIGH 

EXPLOSIVE 


A.  Beouwe  and  A.  Oeloloi 
S.N.P.B. 

Centre  de  Reoherchaa  du  Bouohet 
B1710VBRT-LB>PBTIT 
FRANCE 


A  compariaon  between  experimental  data  concerning  performancee  and 
eenaitivity  on  different  high  exploeivea  ia  preaented. 

High  exploeivea  involved  are: 

a  an  induatrial  French  PBX  named  ORA  86  filled  with  86 
percent  ofHMX, 

a  a  pilot’plant-ecaled  French  PBX  named  B  2214  filled  with  a 
mixture  of  12  percent  ofHMX  and  72  percent  ofNTO. 

In  aome  caees  compariaon  includea  comp,  B  (hexol  60140),  The  decrease 
of  the  aenaitivity  obtained  with  the  NTO  baaed  PBX  indicatea  that  B 
2214  ia  an  Inaenaitive  High  Explosive  belonging  to  the  1,6  class  and  I 
has  a  very  good  behavior  versus  sympathetic  detonation. 


INTRODUCTION 

For  several  years.  SNPE  has  been 
working  to  prepare  high  explosives  compo¬ 
sitions  with  a  low  sensitivity  level  intended  for 
low  vulnerability  ammunitions  <LOVA),  In 
the  past,  SNPE  has  shown  the  interest  of  using 
either  Triamino  Trinitro  Benzene  (TATB)  or 
Oxynitrotriazole  (ONTA  or  NTO)  as 
insensitive  molecules  to  decrease  the 
sensitivity  of  HMX  based  PBX,*'^'^  The 
purpose  of  our  present  work  is  to  actually  prove 
that  a  cast-cured  PBX  containing  a  high 
content  of  NTO  can  be  an  Insensitive  High 
Explosive  (IHE)  belonging  to  the  1.6  class,  and 
having  a  very  good  behavior  versus  sympa¬ 
thetic  detonation.  A  set  of  sensitivity  tests  is 
used  to  compare  an  industrial  cast-cured  PBX 
"ORA  86."  filled  only  with  HMX,  and  a  pilot- 
plant-scaled  cast-cured  PBX  "B  2214,"  filled 
with  a  mixture  of  HMX  and  NTO.  For  some 
tesls,  the  comparison  includes  data  concerning 
a  melt  cast  explosive  "hexol  60/40,"  to  have  a 
more  precise  idea  of  the  improvement  on  a 
well-known  melt  cost  explosive.  Detonation 


velocity  of  the  NTO  based  PBX  in  confined  and 
unconflned  has  also  been  measured. 

COMPOSITIONS 

ORA  86  is  an  industrial  composition  used 
in  a  French  missile  warhead.  B  2214  is  a 
composition  prepared  at  pilot-plant-scale  by  60 
kg-batches.  Composition  of  both  PBX  are 
shown  in  Table  1. 


Table  1 .  Composition  of  PBX 


Name 

41*  Mass 

ORA  86 

B2214 

%  inert  binder 

14 

16 

%HMX 

86 

12 

%NTO 

0 

72 

Density 

1.71 

1.68 

Both  compositions  have  been  formulated 
with  a  classical  process  to  prepare  cast-cured 
PBX.  Paste  viscosity  of  B  2214  was  optimized 
by  using  available  classes  of  NTO  particle  size 


manufactured  by  SNPE.  Samples  for  eval¬ 
uation  are  obtained  directly  by  casting  and 
curing,  or  by  machining  after  curing. 

DETONATION  VELOCITY 

For  ORA  86,  the  detonation  velocity  is 
given  versus  charge  diameter  in  an  unconflned 
configuration.  For  B  2214,  the  detonation 
velocity  was  measured  versus  charge  diameter 
either  in  an  unconflned  or  confined  (10  mm  of 
steel)  configuration.  All  samples  were  ignited 
by  a  plane  wave  generator,  The  results  are 
shown  in  Table  2. 


Table  2,  Detonation  Velocity 


Chars« 

Uismeter 

(mmli 

ORA  86 
Unoonlltied 
(m/a) 

B22U 

Uneonnned 

(m/a) 

Gonflnud 

16 

8260 

- 

- 

20 

82H0 

. 

30 

8310 

• 

an 

40 

. 

. 

7100 

60 

8380 

ND 

7360 

63 

ND 

7320 

70 

6770 

• 

76 

7G40 

80 

7410 

7440 

90 

7440 

■ 

NO:  No  Detonation 
SD;  Stop  Detonation 


F'or  B  2214,  the  detonation  velocity 
progression  is  illustrated  in  Figure  1  for  the 
confined  and  unconflned  tests.  The  failure 
diameters  are  respectively  36  or  66  mm  with  or 
without  confinement. 

FAST  COOK  OFF 

The  fast  cook  off  test  is  used  to  assess  the 
explosive  b'^huvior  of  PBXs  confined  in  a  bomb, 
and  Bubjeoled  to  fuel  fire  type  thermal 
environments.  The  bomb  consists  of  a  steel 
pipe  [40  mm  internal  diameter,  4  mm 
thickness,  200  mm  length]  enclosed  with  two 
plugs.  The  calculated  static  rupture  pressure  of 
this  pipe  is  around  76  MPa.  The  bomb  is  set 
horizontally  20  cm  above  a  firo  pun  filled  with 
1.6  liter  of  fuel,  The  fire  temperature  is  about 


Figure  1.  Det.  Vel,  Vs.  Charge  Diameter  B 
22/4;  f 72  percent  NTO  ■  12  percent  HMX) 


800‘C,  For  both  oempositions,  ORA  86  and  B 
2214,  there  is  no  detonation,  but  only  a  pneu¬ 
matic  burst  of  the  confinement  after  2  minutes. 

BULLET  IMPACT  TEST 

1 

This  test  is  performed  on  a  small-scale 
warhead  with  a  125  mm  diameter,  90  mm 
longth-sample  confined  by  20  mm  steel 
(rupture  pressure  140  MPa).  12.7  AP  bullets 
are  shot  by  a  gun  with  increasing  velocities 
from  740  to  11 40  m/s. 

The  results  obtained  lor  the  highest 
velocity  (1140  m/s)  are  as  follows: 

-  Ilexol  60/40;  detonation 

•  ORA  86;  no  detonation  <  burning  and 
opening  of  the  confinement 

-  B2214;  no  detonation  -  Burning 

without  opening  of  the  con¬ 
finement 

An  illustration  of  the  final  state  of  the 
confinemeni  is  given  by  Figure  2. 

LARGE-SCALE  GAP  TEST 

The  gap  test  is  used  to  determine  the 
threshold  of  the  propagation  of  detonotlon  in  a 
solid  substance.  An  inert  barrier  (.19  mm  thick 
cellulose  acetate  cards)  is  placed  between  an 
initiating  booster  [hexo  wax  96/6  -  40  mm 
diamoler]  and  a  sample  of  explosive  to  be 
tested  [40  mm  diameter  -  200  mm  length) 
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Figure  2a.  No  Reaction,  Bullet  velocity  1140 
m/8.  Composition  B  2214,  Smooth  burning 
without  violent  pyrotechnic  event, 


Figure  2b,  Pneumatic  Burst,  Bullet  velocity 
1140  mis.  Composition  ORA  86.  Burning  with 
pneumatic  burst. 


Figure  2c.  Detonation.  Bullet  velocity  1140 
m/s,  Hexol  60140,  Detonation. 


confined  in  a  4  mm  thick  steel  pipe.  A 
reference  booster  in  contact  with  the  lower  end 
of  the  sample  and  a  steel  witness  plate  permit 
verification,  if  detonation  of  the  sample  has 
occured  or  not.  The  result  is  given  in  number 
of  cards  needed  to  avoid  the  detonation  of  the 
sample.  It  can  also  be  expressed  in  thickness  of 
barrier  or  in  shock  pressure  for  the  ignition. 
The  detail  ofthe  apparatus  is  shown  in  Figure  3 
below. 

The  results  obtained  with  hexol  60/40, 
ORA  86,  and  B  2214  are  given  in  Table  3. 
When  taking  hexol  as  a  reference,  it  can  be 
seen  that  the  needed  pressure  to  ignite  the 
high  explosive  sample  is  1.6  times  higher  for 
ORA  86  and  4.3  times  higher  for  B  2214. 


OCIONAtON 


INiriArlNQ  BOOSTER 


(t  >  40  IM 
1  >  160  IM 
ni  •  )20  g 


RDX/Wik 

«/i 


CCLI.IJL0BE  ACCTATi: 
CARD 

(thlnkrwAN  0.19  im) 

SAMPLE,  l.N 
SUBSTANCE  UNDER 
TEST 


HCrtHENCE 
il  I  40  nm 
1  E  40  MU 
m  >  BO  g 

SIEEl  WITNESS  PI  ATE 
(thlcRnnn*  a  10  md) 


lOOSlEH 

RDX/Wnx 

9J/5 


Tables,  Oap  Test  Results 


Cord  Oup  Text 

CompoBitionH 

Number  of 
Cxrdx 

Thickneu 

(mm) 

Pressure 

Ikburi 

Hexol  60/40 

200 

38 

30 

ORA  86 

160 

30 

60 

B22I4 

26 

4.7 

145 
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FLYER  PLATE  TEST 


This  test  is  not  only  a  sensitivity  test,  but 
it  is  much  more  representative  of  the  level  of 
energy  needed  to  Ignite  a  high  explosive  by  a 
pure  shock  wave.  The  shock  wave  is  gener¬ 
ated  by  impacting  a  sample  of  the  high 
explosive  (60  mm  length  -  63  mm  diameter) 
confined  by  10  mm  steel  with  a  metallic  plate. 
The  pressure  and  the  duration  of  the 
shockwave  can  be  calibrated  by  varying  the 
impact  velocity  and  the  thickness  of  the 
impacting  plate,  The  crude  result  of  the  test  is 
deto-nation  or  no  detonation,  After  performing 
the  test  around  ten  times,  a  curve  of  sensitivity 
can  bo  drawn  in  the  pressure-time  plane. 
Results  obtained  for  OKA  86  and  B  2214  are 
shown  in  Figure  4, 

To  compare  high  explosives  in  this  kind  of 
test,  it  is  convenient  to  look  only  at  the 
pressure  and  the  surface  energy  for  a  shock 
duration  of  1.6  ps.  These  values  are  given  in 
Table  4  for  Hexol  60/40,  ORA  86,  and  D  2214. 
If  itexol  60/40  is  taken  as  a  reference,  it  can  be 
seen  that  the  ignition  pressure  is  1.7  times 
higher  for  ORA  86  and  6,5  times  higher  for  B 
2214,  The  ignition  energy  is  2,6  times  higher 
for  ORA  86  and  21  times  higher  for  B  2214. 

SENSITIVITYTO  HEAVY 
FRAGMENT  IMPACT 

This  test,  usually  performed  in  Prance,  is 
a  good  way  to  simulate  the  impact  of  a  sea-to- 
sea  missile  fragment.  The  Impact  test  is  cur¬ 
ried  out  using  a  steel  bull  (39.6  mm  diameter 
-  262  g  weight)  shot  by  a  gun.  The  velocity  can 
be  increased  up  to  2300  m/s.  The  high 
explosive  sample  is  a  cylinder  [123  mm 
diameter -240  mm  length)  confined  by  a  10  mm 
thick  shell.  For  each  velocity  the  result  is 
detonation  or  no  detonation,  and  the  final 
result  of  the  test  is  expressed  as  the  maximum 
impact  velocity  avoiding  detonation  of  the 
explosive  sample.  This  result  can  also  be 
expressed  in  terms  of  initial  shock  pressure. 
The  results  obtained  with  Ilexol  60/40,  ORA 
86,  and  B  2214  are  summarised  in  Table  6.  It 
should  be  noticed  that  for  the  maximum 
velocity  which  can  be  reached  in  this  test,  it 
was  not  iwBslble  to  make  the  U  2214  detonate. 


Figure  4.  Flyer  Plate  Teat 

Table  4,  Flyer  Plate  Teal  Reaulta 


Ignition  Threshold  at  1,6  ps 

Composition 

Pressure 

(kbar) 

Energy 

(J/cm^) 

Hexol  60/40 

23 

160 

ORA  86 

40 

B2214 

160 

Table  6.  Heavy  Fragment  Impact  •  Maximum 
Velocity  Without  Detonation 


Heavy  Fragment 

Composition 

Velocity 

(m/s) 

Pressure 

(kbar) 

Hexol  60/40 

1360 

26 

ORA  86 

1910 

60 

B2214 

>2270 

>90 

When  taking  Hexol  60/40  as  a  reference, 
the  maximum  pressure  avoiding  detonation  is 
multiplied  by  2.4  for  ORA  86  and  more  than 
4.4  for  B  2214. 

SENSITIVITY  TO  A  SHAPED- 
CHARGE  SHOT 

Both  PBX  involved  in  this  work  (l.e., 
ORA  86  and  B  2214)  have  been  subjected  to 
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the  impact  of  a  90  mm  caliber  ihaped-charge 
jot.  This  shaped-charge  was  fllled  with  a  91  per¬ 
cent  PETN  containing  PBX.  The  sample  of 
high  explosive  tested  are  90  mm  diameter  - 
320  mm  height  cylinders.  The  ''stand-ofT'  was 
one  caliber.  The  following  results  were 
obtained; 

-  ORA  86:  Detonation 
•  B2214;  No  detonation 

SENSITIVITY  TO  SYMPATHETIC 
DETONATION 

This  test  is  performed  to  evaluate  the 
behavior  of  an  explosive  submitted  to  a  detona¬ 
tion  (blast,  (Vagments,  and  heat).  The  experi¬ 
mental  setting  is  shown  in  Figure  6,  The 
sample  of  high  explosive  to  be  tested  is  a  76  mm 
diameter  -  280  mm  height  cylinder  oonflned  by 
12  mm  steol.  The  donor  has  the  same  sise.  Its 
composition  is  Hexol  60/40.  The  distance 
between  donor  and  receptor  is  26  or  600  mm, 
Reactions  obtained  with  Hoxol  60/40,  ORA  86, 
and  B  2214  are  summarised  in  Table  6. 


$00  MM  7)  M 


Figure  6,  Sensitivity  to  Sympathetic  Detona¬ 
tion-  Experimental  Setting 


Tables,  Behavior  Vs,  Sympathetic  Detonation 


Composition 

Behavior  at  a  Distance  of 

2, 6  cm 

60  cm 

Hoxol  60/40 

OKA  86 

D2214 

Detonation 

Deflagration 

No  reaction 

Detonation 

Deflagration 

No  reaction 

CONCLUSIONS 

The  studies  performed  by  SNPE  in  the 
field  of  synthesis  and  recrystallization  of  NTO, 


then  its  use  as  an  insensitive  high  explosive  in 
PBX,  have  permitted  us  to  perfect  at  the  pilot- 
plant  scale  (60  kg  batches)  an  inert  binder 
based  PBX  (B  2214)  fllled  with  12  percent 
MMX  and  72  percent  NTO. 

The  characterization  in  terms  of; 

-  sensitivity  to  fliel  fire  and  bullet  impact, 

-  sensitivity  to  ignition  by  a  shock  wave, 

-  sensitivity  to  shaped-charge  Jet,  and 

-  sensitivity  to  sympathetic  detonation 

shows  that  B  2214  is  clearly  less  sensitive  than 
Hexol  60/40  or  ORA  86;  a  86  percent  HMX 
PBX.  The  studies  made  by  SNPE  were  mainly 
to  show  it  was  possible  by  using  an  insensitive 
flller,  such  as  NTO,  to  obtain  1.6  classed  PBX; 
insensitive  to  sympathetic  detonation.  Of 
course,  performances  of  B  2214,  in  terms  of 
detonation,  velocity,  and  pressure,  are  a  little 
weak  but  cart  be  improved  by  increasing  the 
flller  content,  increasing  the  HMX  ratio  in  the 
mixture  NTO-HMX,  or  by  adding  various 
Ingredients  like  aluminum  or  ammonium 
perchlorate  to  obtain  special  effects  (blast, 
bubble,  etc,), 
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DISCUSSION 

INDU  B.  MISHRA 
Kanan  Associates,  Inc. 

Churchville,  Maryland 

In  your  NTO  formulation  for  insensitive 
HE,  you  have  taken  NTO>HMX  of  84  percent 
and  16  percent  binder  (by  weight)  where  as 
your  HMX  composition  had  86  percent  RDX 
and  the  rest  binder.  Is  it  not  possible  to 
formulate,  with  14  percent  binder,  your  NTO> 
based  HE?  What  was  your  volumetric  loading 
for  HMX-HB  and  NTO-HMX-HE  (by  com¬ 
parison)? 

REPLY  BYA.BECUWE 

When  the  B2214  PBX  binder  was 
formulated,  the  particle  sises  of  available  NTO 


did  not  permit  us  to  obtain  an  acceptable 
feasibility  with  more  than  84  percent  filler 
content.  Volumetric  loading  for  HMX>HE  was 
76.6  percent  and  for  NTO-HMX-HE.  71.6 
percent. 

HILTMAR  SCHUBERT 
Fraunhofer  Institut 
WestGennany 

Which  particle  size  do  you  use  in  your 
NTO  composition? 

REPLY  BY  A.  BECUWE 

It  is  a  mixture  of  three  different  particle 
sizes;  a  fine  one  around  lOp,  a  medium  one 
around  200p,  and  a  coarse  one  around  700p, 
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EFFECTS  OF  BINDER  CONCENTRATION  ON  THE  PROPERTIES 
OF  PLASTIC-BONDED  EXPLOSIVES 


Raymond  D.  Steele,  Lawrence  A.  Streti,  Qene  W.  Taylor,  and  Thomaa  Rivera 

Loa  Alamoa  N  attonal  Laboratory 
Loa  Alamoa,  New  Meidoo  87S45 


A  seriea  of  plastic^bonded  expb$io«8  (PBX)  ha$  been  formulated  with 
more  binder  than  is  normally  contained  in  high-energy  formulations. 
Adding  a  relatively  smalt  amount  of  binder  to  a  material  such  as 
PBX 9501  f95l2.5ll.2Sll.25wt  percent  HMX/EstanelBDNPAIBDNPF 
(the  BDNPA  and  BDNPF  form  a  eutectic  that  is  frequently  called 
simply  the  eutectic)]  was  found  to  decrease  the  shock  sensitivity  while 
not  decreasing  the  energy  of  the  explosive.  The  best  compromise  for  a 
PBX  9501  -type  material  contains  about  92  wt  percent  HMX.  Adding 
additional  binder  does  not  continue  to  decrease  the  gap  sensitivity  of 
the  formulation;  however,  the  energy  of  the  PBX  decreases  as  expected. 
The  higher-binder  formulations  are  of  potential  use  because  of  the 
possibility  of  formulating  a  PBX  with  energy  similar  to  TATB 
formulations,  such  as  PBX  9502  (95/5  wt  percent  TATB/Kel-F  BOO), 
and  with  a  higher  strain  to  failure. 


INTRODUCTION 

This  study  was  initiated  to  determine  the 
eiTects  of  binder  concentration  on  the  proper* 
ties  of  a  PBX,  The  sensitivity  of  the  Bstane/ 
eutectic  system  used  for  PBX  9601  was  not 
known  as  a  function  of  concentration,  The 
sensitivity  of  the  system  was  of  special  interest 
when  the  energy  was  matched  to  PBX  9602. 
The  behavior  of  PBX  9602-like  systems  is 
interesting  because  their  unique  mechanical 
properties,  such  as  high  strain  to  failure,  might 
be  designed  into  a  useful  formulation  usable  as 
a  substitute  for  PBX  9602. 

Desensitizing  high-energy  PBXs  was 
another  reason  for  undertaking  this  work,  One 
of  the  most  important  mechanisms  for  the 
Initiation  of  explosives  is  believed  to  be  hot 
spots  caused  by  voids  or  other  density 
discontinuities.  High-energy  PBXs,  such  as 
PBX  9601,  typically  can  be  pressed  to 
98  percent  of  theoretical  density  (TMD).  This 
means  that  the  explosive  composites  have 
about  2  .  olume  percent  voids  that  may  serve  as 
hot  spot  locations.  It  appears  that  removal  of 


the  voids  is  the  logical  starting  place  to 
desensitize  a  PBX. 

EXPERIMENTAL 

The  experiments  used  in  this  study  were 
the  large  scale  gap  test  and  the  plate  dent  test 
described  by  Qibbs  and  Popolato.^  The  plate 
dent  test  is  a  measure  of  the  energy  delivered 
by  an  explosive  to  a  calibrated  steel  plate.  It 
has  been  found  experimentally  that  this 
delivered  energy  can  be  closely  related  to  the 
Chapman- Jouquet  (CJ)  pressure  of  the  explo¬ 
sive  being  tested.  A  theoretical  basis  may  be 
found  for  this  relationship  in  such  works  as 
Pickett  and  Davis,^  For  this  reason  it  is 
customary  to  calibrate  the  plate  dent  test  to 
accepted  CJ  pressures  and  to  report  the  results 
as  CJ  pressure.  Because  this  pressure  is  a 
measure  of  the  delivered  energy,  we  will  refer 
to  the  results  of  the  plate  dent  test  as  the 
energy  of  the  explosive. 

A  low-void  material  was  formulated  to 
investigate  the  effect  of  the  removal  of  voids 
from  a  PBX.  The  material  to  bo  tested  was  a 
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formulation  with  HMX  and  the  Estane/ 
eutectic  binder  used  in  PBX9601  (X-0242-92- 
01-04  -  92/8  wt  percent  HMX/binder), 

This  formulation  was  chosen  to  provide 
more  than  ample  binder  to  illl  all  the  voids  in 
the  composite.  To  assure  elimination  of  all 
voids,  the  PBX  was  pressed  at  an  unusually 
high  pressure  (30,000  psi),  at  a  maximum 
permissible  temperature  (100**C),  with  maxi¬ 
mum  vacuum  on  the  powder  before  pressing, 
and  with  five  intensifications.  The  resulting 
PBX  had  a  density  of  99.7%  TMD.  The  CJ 
pressure  and  gap  sensitivity  were  measured  for 
this  material;  the  results  were  CJ  pressure  of 
366  kbar  and  a  gap  sensitivity  of  47  mm,  This 
compares  with  values  of  360  kbar  and  65.6  mm 
for  PBX  9501.*  These  data  are  included  in 
Table  1.  It  is  possible  to  formulate  a  PBX  with 
less  sensitivity  than  PBX  9501  at  no  loss  in 
energy,  and  perhaps  even  a  small  gain, 


Table  I,  Performance  and  Senaitiulty  of 
High-Binder  PBXa 


■MiimriHl 

ComPilsitlon 

Gap 

(mm) 

CJ 

(kbar)  TMD 

PBX  9601 

96/2,6/2,6 

HMX/EiUne/ 

euUotic 

66.6 

360 

98,0 

X  0242-94- 
01-03 

94/3/3  HMX/ 
Eslttnu/uutvvtiu 

66.1 

363 

99.1 

X-0242-93- 

01-03.6 

93/3.3/3.6  HMX/ 
BaUmu/outAotlc 

60.3 

364 

99.4 

X-0242-92- 

01-04 

92/4/4  HMX/ 
BiUne/euWctlc 

47.68 

366 

99,7 

X-0242-91- 

01-04,6 

91/4,6/4.6  HMX/ 
BiUno/eutootio 

48.46 

360 

96,6 

X-0242-90- 

01-06 

90/6/6  HMX/ 
BtUntt/vuUvtlc 

48.06 

366 

99.6 

X-0444 

8H/6/6  HMX/ 

Bstanii/ 

eulocliti 

46 

340 

99.8 

X-0438 

3U.6/9.6/9.6/U.6 

HMX/BHtantt/ 

ttulsetic/ 

■tearatu 

47.3 

284 

96.3 

x-04ao 

8H/6/6HMX/ 

Krateii/Tufllo 

on 

46 

283 

99.6 

The  pressing  conditions  used  to  obtain  the 
void-free  samples  of  X-0242-92-01-04  were 
rather  extreme.  A  pressing  evaluation  was 
conducted  to  evaluate  which  of  the  measures 


used  in  processing  this  PBX  were  responsible 
for  the  improved  performance.  All  the  vari¬ 
ables  used  in  the  processing  of  X-0242r92-01- 
04  were  varied  from  normal  to  extreme  in  an 
experimental  design,  and  the  density  of  the 
sample  at  these  conditions  was  measured.  The 
concentration  of  the  binder  and,  to  a  lesser 
extent,  the  number  of  pressing  intensifications 
were  f^ound  to  be  the  only  variables  that 
significantly  Influenced  the  densities  of  the 
pressed  samples.  The  CJ  pressure  and  the  gap 
sensitivity  were  redetermined  for  one  sample 
of  X-0242-92-01-04  pressed  under  nominal 
pressing  conditions.  The  results  reproduced 
those  of  the  formulation  pressed  under  more 
extreme  conditions,  Decreased  sensitivity  in  a 
PBX  can  be  obtained  by  simply  increasing  the 
fraction  of  binder  in  the  composite  while  using 
three  intensiflcations. 

To  investigate  in  detail  the  behavior  of 
the  HMX/Estane/eutectic  system,  a  number  of 
formulations  were  made  with  HMX  composi¬ 
tions  varying  from  80,6  to  94  wt  percent. 
These  materials  were  pressed,  the  detonation 
pressures  were  determined  with  plate-dent 
experiments,  and  the  gap  sensitivity  was 
measured.  These  data  aro  listed  in  Table  1, 
with  the  literature  values  for  PBX  9601 
included  for  reference. 

All  the  HMX/Estane/eutectic  materials 
listed  in  Table  1  made  satisfactory  pressings 
with  the  exception  of  the  80.6  wt  percent 
formulation.  This  material  was  extremely 
"gummy”  and  tended  to  extrude  around  the 
seals  in  the  press.  We  were  not  able  to  obtain 
the  desired  density  for  this  formulation.  The 
properties  of  this  material  are  interesting  even 
though  they  are  not  directly  comparable  with 
the  other  formulations, 

The  first  observation  made  from  the  data 
in  Table  1  is  that  the  gup  sensitivity  falls  ofT 
dramatically  us  the  HMX  in  the  formulation  is 
decreased,  reaching  a  plateau  at  about  46  or 
47  mm  (Figure  1).  The  second  observation  is 
that  the  energy  of  the  system  remains  rela¬ 
tively  constant  as  the  HMX  in  the  formulation 
is  decreased  until  the  mixture  is  approxi¬ 
mately  92  wt  percent  HMX  (Figure  2).  This 
result  does  not  seem  too  surprising,  if  one 
realizes  that  voids  of  zero  energy  are  being 
replaced  with  an  energetic  binder.  Looking  at 
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PERCtNT  OF  THEOneilCAl,  DENSITY 


Figure  1,  Gap  Sensitiuity  as  a  Function  of'  Figure  4.  Gap  Sensitivity  as  a  Function  of 
HMX  Concentration  Percent  of  Theoretical  Density 


Figure  2.  CJ  Pressure  as  a  Function  of  IIMX 
Concentration 


Figure  .1,  Percent  of  Theoretical  Density  as  a 
Function  of  IIMX  Concentration 


the  resulte  presented  in  Figures  1  and  2,  one 
concludes  that  an  improved  version  of 
PBX  9501  can  be  obtained  by  decreasing  the 
HMX  content  to  92  wt  percent,  The  gap  sensi¬ 
tivity  will  be  decreased  while  the  energy  will 
remain  constant. 

Additional  insight  into  the  behavior  of 
the  HMX/Estane/eutectlc  system  can  be 
obtained  by  examining  the  data  in  Table  1. 
The  percent  TMD  is  seen  to  be  a  function  of  the 
binder  loading  in  the  system,  with  the  percent 
TMD  decreasing  rapidly  as  the  HMX  i^raction 
is  increased  (Figure  3).  There  does,  however, 
appear  to  be  a  reasonable  amount  of  scatter  in 
the  system,  which  indicates  that  variables 
other  than  binder  loading  are  probably 
important  when  trying  to  reach  very  high 
percent  TMDs.  The  importance  of  reaching 
very  high  percent  TMDs  is  seen  in  Figure  4, 
where  the  gap  sensitivity  is  plotted  as  a 
function  of  percent  TMD.  It  is  apparent  that  a 
PBX  should  be  at  the  maximum  possible 
percent  TMD.  To  obtain  the  best  sensitivity 
in  a  HMX/Estane/eutectic  formulation,  it  will 
be  necessary  to  determine  what  controls  the 
relatively  small  differonces  in  pressing 
densities. 

When  Figures  1  through  4  are  examined, 
it  appears  that  PBX  9601  may  bo  anomalous, 
The  PBX  9601  data  were  taken  from  the 
literature  and  may  not  be  consistent  with  the 
other  data  in  Table  1.  Additional  experiments 


1016 


are  planned  to  verify  the  behavior  of 
PBX9601. 

The  behavior  of  binder  systems  other 
than  the  Estane/eutectic  is  also  of  interest.  A 
PBX  with  88 wt  percent  HMX,  6wt  percent 
Kraton,  and  6  wt  percent  TufTlo  Oil  was  for¬ 
mulated  (X-0430)  for  this  reason.  Its  gap 
sensitivity  and  CJ  pressure  were  determined 
and  are  reported  in  Table  1.  Interestingly,  the 
gap  sensitivity  is  the  same  as  for  the  high¬ 
binder  Estane/eutectic  formulations.  Based  on 
very  limited  evidence,  the  gap  sensitivity  of  a 
high  binder  formulation  does  not  appear 
extremely  dependent  on  the  binder  material. 

One  of  the  purposes  for  this  study  was  to 
investigate  the  properties  ofHMX-based  PBXs 
with  energies  similar  to  PBX  9602a.  Two  of 
the  formulations  discussed  above,  X-0430  and 
X-0438,  were  designed  to  have  the  energy  of 
PBX  9602.  The  energy  of  these  two  formu¬ 
lations  was  Indeed  very  near  to  that  of 
PBX  9602.  The  X-0430  performed  very  much 
as  expected;  the  1 1  MX  coated  well  and  no  m^jor 
problems  were  encountered  in  pressing,  The 
X-0438,  however,  was  another  problem 
because  the  Estane/eutectic  is  a  very  soft, 
rubbery  material  that  (lows  much  too  easily 
and  sticks  to  the  metal  parts  in  the  press. 
Excessive  amounts  of  this  binder  make  the 
samples  very  hard  to  press  and  creates 
problems  in  uniformity  of  material,  and 
produces  a  pressing  that  is  not  dimensionally 
stable.  Additional  experiments  are  planned  to 
investigate  the  properties  of  Estane/eutectic 
binder  formulations  with  decreased  amounts  of 
the  outectic.  This  will  provide  a  stiffer 
material  and  perhaps  overcome  some  of  the 
problems  of  X-0438.  The  amount  of  HMX  will 
need  to  bo  incroasod  in  those  experiments  to 
maintain  the  desired  energy  level. 

CONCLUSIONS 

In  conclusion,  a  series  of  PBXs  has  been 
formulated  with  more  binder  than  Is  normally 
used  in  high-energy  explosives.  It  was  deter¬ 
mined  that  adding  a  relatively  small  amount  of 
binder  to  a  material  such  us  PBX  9601  will 
improve  the  gap  sensitivity  without  degrading 
the  energy  of  the  explosive.  It  appears  that  the 
best  compromise  for  a  PBX  9501 -typo  material 


is  about  92  wt  percent  HMX.  Adding  addi¬ 
tional  binder  does  not  continue  to  improve  the 
gap  sensitivity  of  the  formulation.  However, 
the  energy  of  the  PBX  decreases  as  expected. 
The  high-binder  formulations  are  of  potential 
use  because  of  the  possibility  of  formulating  a 
PBX  with  energy  similar  to  PBX  9602s,  but 
with  a  much  higher  strain  to  failure  and  other 
desirable  advantages. 
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DISCUSSION 

I.  B.  MISHRA 
Kanan  Associates,  Inc. 

Churchville,  MD 

1,  It  is  perhaps  risky  to  say  that  binders  had 
"no'*  effect  toward  sensitivity  at  the  8  percent 
level.  In  our  work  we  find  binder  playing  a 
significant  role  in  PBX  in  contributing  to  or 
altering  sensitivity.  We  have  even  found 
energetic  binders  reducing  sensitivity, 

2,  it  is  interesting  that  you  find  a  92  percent 
formulation  a  somewhat  "ideal’*  one.  Not 
knowing  your  results  we  have  been 
formulating  91-92  percent  solids  loaded  HE 
and  insensitive  HE, 

REPLY  BY  R.  D.  STEELE 

1 .  We  do  not  claim  that  the  different  binders 
do  not  have  an  effect  on  sensitivity.  In  feet,  we 
know  that  different  binders  have  extreme 
effects  on  different  types  of  sensitivities.  Two 
important  formulations,  PBX  9404  and 
PBX  9601,  differ  principally  in  their  binders. 
When  the  two  materials  are  subjected  to  a  drop 
skid  test,  they  have  a  drop  height  of  4  and 
26  feet,  respectively.  We  did,  however,  observe 
that  two  different  binders  did  not  seem  to  have 
an  effect  on  a  gap  tost.  We  cannot  make  any 
general  conclusions  on  these  limited  data. 
However,  at  least  for  our  limited  sample,  it 
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appears  that  shock  initiation  is  not  aiTected  by 
the  nature  of  the  binder.  Since  in  shock  imi¬ 
tation  we  have  probably  exceeded  any  of  the 
limiting  mechanical  properties  of  the  binder, 
this  observation  may  have  wider  applicability 
than  the  limited  data  might  suggest. 

2.  We  would  like  to  add  a  note  of  caution 
that  this  optimization  was  for  one  binder  with 
one  particle  size  distribution  of  HMX.  Should 
one  change  the  binder,  the  particle  size 
distribution,  or  the  explosive,  then  8  percent 
binder  would  probably  no  longer  represent  an 
optimal  formulation. 

DISCUSSION 
H.  GRYTING 

Gryting  Energetics  Sciences  Company 
San  Antonio,  tX 

Is  the  eutectic  Just  the  usual  combination 
of  energetic  plasticizers?  Does  either  of  these 
also  form  a  simple  binary  or  a  ternary  eutectic 
with  HMX? 


REPLY  BY  R.  D.  STEELE 

The  eutectic  is  a  60-50  percent  mixture 
by  weight  of  bis(2,2-dinitropropyl)<acetal 
(BDNPA)  with  bis(2,2-dinitropropyl)formal 
(BDNPF).  This  is  our  normal  plasticizer  used 
to  soften  Estane  for  use  in  PBX  8601.  The 
BDNPA/BDNPF  mixture  provides  an  ener¬ 
getic  contribution  to  the  formulation.  As  the 
terminology  eutectic  suggests,  the  mixture 
forms  a  minimum  freezing  point  eutectic  at 
60-60  percent  by  weight.  This  property  is 
important  because  it  prevents  the  plasticizer 
from  fireezing  and  stiffing  the  binder. 
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CHEMISTRY  OF  NITROMETHANE  AT  VERY  HIGH  PRESSURE 


Stephen  F.  Agnew  and  Baeil  I.  Swanson 
Los  Alamos  National  Laboratory 
Isotope  and  Nuclear  Chemistry  Division 
Group  INC>4,  Mail  Stop  C346 
liOS  Alamosi  New  Meaioo  87S45 

and 

John  Kenney  and  Inga  Kenney 
Department  of  Physical  Sciences 
Bastern  New  Mexico  University 
Portales,  New  Mexico  88130 


Decomposition  ofnitromethane  Is  reported  over  the  range  of  1 1S’180'’C 
and  0.6’8.S  QPa.  About  S  pg  of  nitromethane  is  compressed  with  a 
diamond-anuU  cell,  healed  to  the  point  that  reaction  occurs,  and  held 
typically  10-20  minutes  at  the  reaction  temperature,  The  cell  is  cooled 
and  the  volatile  contents  of  the  cell  are  frozen  as  a  thin  layer  in  vacuo 
and  an  infrared  absorption  spectrum  is  recorded.  The  three  volatile 
products  observed  are  NjO,  COg,  and  water,  with  NgO  production 
peaking  at  l.B  QPa,  13BK1,  and  SB  percent  of  N ME;  COa  production 
peaking  at  3.S  QPa,  13BX1,  and  SB  percent  of  NME,  and  water  yields  at 
20-60  percent  of  NME  at  the  highest  pressure  measured,  8.S  QPa  and 
1 7SV,  Water  yields  were  difficult  to  quantify  due  to  background  con¬ 
tamination.  Results  indicate  three  different  reactions  for  solid  NME 
dependent  primarily  on  the  pressure  of  the  reaction,  and  that  fluid 
NME  does  not  decompose  at  0.6  QPa  and  ITBV,  although  the  solid 
decomposes  readily  at  l,t  QPa  and  ISOV,  The  authors  conclude  that, 
while  various  decomposition  mechanisms  are  possible,  the  initial  step 
QU3NO2  -*  ■C//;f  -h  JVOjj  is  very  unlikely. 


INTRODUCTION 

The  tendency  for  energetic  inuterials, 
both  high  exploBivoH  and  propellants,  to 
undergo  inadvertent  dulonuUon  is  a  serious 
and  not  well  understood  problem,  Detonations 
cun  be  thought  of  as  self-driven  shuck  waves 
and  are  initiated  by  a  variety  of  stimuli  or 
insults.  The  initial  chemistry  that  drives  the 
deflagration  (or  fust  burning)  to  detonation 
transition  is  of  primary  importance  to  under¬ 
standing  the  Initiation  event,  and  a  good 
amount  of  activity  is  occurring  with  regards  to 
trying  to  understand  the  reactions  that  are 
important  for  this  chemistry. 


in  order  to  obtain  a  better  understanding 
of  the  kinds  of  chemistry  that  might  be 
important  fur  initiation  events,  wo  are  study¬ 
ing  reactions  of  simple  energetic  materials, 
e.g.,  nitromethane,  under  conditions  of  con¬ 
finement  ut  very  high  pressure.  Wo  have 
chosen  these  conditions  for  two  reasons:  1 )  The 
reactions  that  are  expected  to  be  important  in 
deflagration  to  detonation  transitions  are, 
under  low  pressure  conditions,  solid  to  gus 
reactions.  These  reactions  drive  the  energetic 
decomposition  that  leads  to  detonation  and  are 
reactions  that  produce  small,  stable,  and  hot 
molecules.  Since  these  reactions  are  both  fast 
and  not  diffusion  limited,  they  will  probably 
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involve  many  concerted  steps.  Performing 
measurements  at  high  pressure  allows  us  to 
choose  the  phase  of  the  products,  which,  since 
we  can  choose  the  pressure,  can  be  either  fluid 
or  solid.  This  allows  a  control  over  diffusion 
and  mixing  that  is  impossible  by  any  other 
method.  2)  We  expect  the  initiation  reactions 
to  be  extremely  pressure  dependent.  The  very 
notion  of  a  detonation  wave  is  one  that 
involves  pressure-  and  temperatuie-induced 
chemical  events  that  lead  to  further  pressure 
and  temperature  increase  until  finally  a 
dissipative  process  limits  the  energy  release 
rate  and  a  steady  state  is  reached. 

The  concept  of  an  activation  energy  for  a 
given  reaction  and  the  role  of  temperature  in 
surmounting  it  is  well  understood  and  the 
traditional  Arrhenius  activation  is  normally 
assumed  to  be  valid  even  at  very  high  density. 
Pressure-induced  reactivity,  on  the  other  hand, 
does  not  involve  overcoming  the  activation 
barrier  in  a  dynamical  sense.  It  is  more  subtle 
and  Involves  actually  changing  the  activation 
energy,  now  more  properly  considered  the 
activation  enthalpy.  It  is  then  reasonable  to 
expect  that  we  must,  from  the  very  start, 
consider  the  activation  enthalpy  instead  of 
only  the  activation  energy,  Eg;.  The  activation 
enthalpy  will  be  a  natural  function  of  pressure 
as  AH*  -  AE*  +  PAV^  and  pressure-induced 
reactivity  should  really,  by  all  rights,  be  called 
"pressure-culalyxed"  reactivity.  This  empha¬ 
sizes  the  very  different  role  that  pressure  has 
compared  to  temperature  and  the  critical 
parameter  in  describing  the  pressure  depen¬ 
dence  of  the  reaction  rate  or  branching  ratios 
then  becomes  the  activation  volume,  AV^ 

An  initial  reaction  or  transition  state 
with  a  substantial  volume  decrease  (-AV  or 
•AV^),  increases  the  reaction  rate  and  the 
presumption  is  that  with  energetic  materials, 
•.he  initial  reactions  do  possess  AVf  Other 
wise,  increasing  pressure  would  not  increase 
the  reaction  rate,  and  may  actually  decrease  it. 
While  the  initial  reaction  must  involve  -AV, 
the  overall  reaction  must,  on  the  other  hand, 
have  a  -t  AV  in  order  to  sustain  the  detonation. 
Thus,  we  expect  to  find  (and  must  look  for) 
reactions  that  have  these  two  important 
characteristics 


Studying  the  reactions  of  energetic 
materials  at  high  density  allows  us  to  probe 
chemistry  that  is  slow  or  even  nonexistent  at 
low  pressure.  In  particular,  concerted  inter- 
molocular  reactions  should  become  very 
important  at  high  density,  whereas  at  low 
pressure  one  often  sees  volatilization  of  the 
material  prior  to  any  actual  chemistry.  With 
the  aid  of  pressure,  then,  we  can  hold 
molecules  in  their  lattice  to  much  higher 
temperature  than  would  otherwise  be  possible. 
Another  important  factor  in  condensed  phase 
reactions  is  that  of  the  solvent  cage  and  its 
effect  on  reaction  rates.  Cage  effects  are 
extremely  important  in  solution  reactions  and 
they  certainly  will  be  even  more  important  at 
high  density.  Furthermore,  reactions  of 
energetic  materials  ultimately  will  have  more 
in  common  with  solid  state  chemistry  than 
with  solution  chemistry.  Thus,  for  energetic 
materials  the  solid-state  chemical  notion  of 
reactive  cages  and  also  concerted  intermolec- 
ular  reactions  will  be  very  important. 

We  are  trying  to  understand  the  very 
complicated  reactions  at  high  density  for  an 
energetic  material  undergoing  deflagration  or 
detonation.  We  must  find  ways  of  understand¬ 
ing  these  reactions,  despite  their  complicated 
natures,  in  order  to  predict  and  possibly  control 
such  properties  as  sensitivity,  performance, 
and  burn  rate.  The  obvious  limitations  of 
performing  experiments  on  such  materials 
while  they  arc  reacting  and  the  small  amount 
of  information  that  is  obtained  from  those 
experiments  means  that  we  will  always  have 
to  resort  to  some  kind  of  approximation  in 
order  to  understand  the  chemistry  associated 
with  initiation.  With  this  work,  we  hope  to 
establish  at  the  very  least,  some  general 
principles  for  the  kind  of  chemistry  that  is 
associated  with  detonation  initiation. 

KXPKKIMKNT 

Wo  have  used  diamond-anvil  cells  of  the 
Merrill-Bassott  design*  lo  compress  nitro- 
methane  and  have  used  the  position  of  the  C-N 
stretch  infrared  absorption,  calibrated  versus 
the  ruby  fluorescence  standard,  as  a  measure 
of  pressure.  Optica!  microscopy  was  used  lo 
observe  the  onset  of  reaction  while  the  cell  was 
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heated  with  an  external  heater.  For  many  of 
the  samples,  infrared  absorption  microscopy 
was  used  to  determine  the  extent  of  reaction 
and  also  to  determine  the  reaction  products 
that  accumulated  within  the  cell.  The  release 
apparatus,  shown  in  Figure  1,  allowed  the 
release  and  freezing  of  the  contents  of  the 
diamond-anvil  cell  onto  a  CsBr  window 
mounted  on  an  Air  Products  closed  cycle 
helium  refrigerator  (a  displex)  and  held  at 
20*K.  Following  deposition,  the  cryotip  was 
rotated  90*  within  its  shroud  and  an  absorption 
spectrum  was  recorded  at  2  cm'*  resolution  and 
266  scans.  Such  a  procedure  allowed  the  deter¬ 
mination  of  absorption  peaks  on  the  order  of 
0.006  A,  although  this  apparatus  had  a  large 
water  background  due  to  outgassing.  Water 
also  did  not  evaporate  readily  from  the  cell 
when  the  cell  pressure  was  released  and,  as  a 
consequence,  only  very  qualitative  data  was 
obtained  on  the  amount  of  water  that  evolved 
from  the  experiment. 

A  Digilab  FTS-40  spectrometer  was  used 
for  the  thin  layer  experiments  with  a  Blo  Kud 
infrared  microscope  installed  in  an  auxiliary 
sample  compartment  to  record  the  spectrum  of 
nitromethane  and/or  products  while  under 
compression  within  the  diamond-anvil  cell. 

RESULTS 

At  pressures  less  than  0.8  GPa,  the 
nitromethane  melted  about  and  showed 
very  little  reaction  up  to  176*C  for  over  two 
hours.  However,  at  1.1  QPa,  the  NMB  did  not 
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Figure  I .  Diagram  of  the  Releate  Apparatus 


melt  on  increasing  temperature,  but  began  to 
react  at  120*C  as  evidenced  by  the  nucleation 
and  growth  of  bubbles.  Infrared  spectra  in 
Figure  2  show  the  spectra  of  the  nitromethane 
within  the  diamond-anvil  cell  before  reaction, 
after  four  hours,  and  after  six  hours  at  the 
temperature  and  pressure  indicated.  As  the 
sample  reacted,  the  infrared  signal  became 
progressively  weaker,  but  new  features  are 
evident:  1)  a  broad,  saturated  absorption  at 
3200-3400 cm'*;  2)  a  broad,  saturated  band  for 
the  -NO2  group  symmetric  and  antisymmetric 
stretches  in  place  of  the  two  features  that  were 
evident  before  reaction;  and  3)  two  absorption 
bands  at  2220  and  2260  cm'*  that  are  partially 
obscured  by  the  diamond  second-order  absorp¬ 
tion.  Little  spectral  information  is  available 
for  the  reacting  sample,  implying  that  the 
products  are  absorbing  completely  at  the 
nucleation  sites,  Eventually,  as  the  reaction 
proceeds  to  completion,  the  infrared  signal 
completely  disappears, 

When  we  release  the  contents  of  the 
diamond-anvil  cell  following  reaction,  freeze 
the  volatiles  in  a  thin  layer,  and  measure  the 
infrared  absorption  of  that  thin  layer  (Fig¬ 
ure  3),  wo  ftnd  that  N2O,  CO2,  and  water  are 
the  dominant  volatile  products.  Their  relative 
amounts  depend  on  the  particular  temperature 
and  pressure  at  which  the  reaction  was  per¬ 
formed  as  shown  in  Figure  4.  One  can  see  that 
these  volatile  products  are  substantial  frac¬ 
tions  of  the  starting  material.  We  know  that 
water  is  present  in  significant  amounts  among 


Figure  2.  Nitromethane  Before  and  During 
Reaction  Within  Diamond' Anvil  Celt 
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Figure  3.  Infrared  Abeorption  Spectra  of  Thin 
Layer  of  NME  Reaction  Produett  at  Varioua 
Pretauret  and  Temperaturea 


Prtsiurs  (QPa) 

Figure  4.  Reaction  Yielda  of  CO2,  NgO,  and 
Water  for  NME  Decompoaition  on  a  Function  of 
Preature  and  Temperature  ofOnaet  of  Reaction 


the  produeta,  but  have  been  unable  to  quantify 
it  very  well.  (Evidently,  water  escapee  flrom 
tho  cell  upon  release  In  variable  amounts, 
since  our  results  with  releasing  pure  water 
firom  a  diamond  cell  under  identical  eonditione 
were  subijeet  to  a  large  error.)  Whenever  NME 
melts  before  the  temperature  reaches  ~120*€, 
no  appreciable  reaction  occurs  up  to  176*C.  We 
conclude,  then  that  fluid  nitromethane  does 
not  react  appreciably  over  a  period  of  30  min¬ 
utes  at  the  pressure  and  temperature  noted  on 
the  diagram.  A  P-T  reaction  diagram  is  shown 
in  Figures  and  shows  that  between  1.0  and 
2.6  OPa  (reaction  regime  A),  nitromethane  is 
solid  at  120*C,  while  the  NjO  and  CO2  pro¬ 
ducts  are  fluid,  and  nueleation  and  growth 
centers  can  be  readily  observed  in  the  solid 
nitromethane  involving  these  fluid  products. 
Thus,  the  reaction  is  assisted  by  topochemical 
control  of  the  crystal  lattice  (i.e.,  the  relative 
orientations  of  the  NME  molecules  in  the 
solid).  There  is  time  for  subsequent  dissolution 
of  some  NME  into  these  reaction  product 
bubbles,  but  wo  feel  that  any  reaction  that 
takes  place  subsequently  in  the  solution  may 
follow  a  different  pathway,  since  fluid  NME 
itself  shows  no  reaction  at  this  temperature 
and  slightly  lower  presoure, 

Between  2.6  and  6.0  QPa  (reaction 
regime  B),  CO3  becomes  the  dominant  product, 
consuming  nearly  66  mole  percent  of  the  NME 


Prttiurt  (kbar) 

Figure  6.  Preaaure-Temperature  Reaction 
Diagram  for  NME  Decompoaition  Showing  the 
Temperature  for  the  Onaet  of  Reaction  at 
Varioua  Preaaurea 
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at  3.5  GPa,  and  then  decreasing  with  increas¬ 
ing  pressure.  In  both  regimes  B  and  C,  we 
expect  that  N2O  and  CO2  will  be  solid,  and  we 
do  not  observe  the  bubble  growth  that  was  so 
pronounced  at  lower  pressure.  The  tempera¬ 
ture  at  which  the  reaction  begins  is  increasing 
with  increasing  pressure,  indicating  that  very 
high  pressure  suppresses  all  NMB  chemistry. 
At  pressures  >  5.0  OPa  (reaction  regime  C), 
both  N2O  and  CO2  become  much  less  pro¬ 
nounced  and  water  is  the  primary  volatile 
product,  and  we  have  qualitatively  determined 
that  with  pressure  in  excess  of  20  QPa,  NME  is 
stable  to  300T.  The  solid  residue  that  remains 
following  chemistry  at  all  of  these  pressures 
and  temperatures  qualitatively  reflects  the 
trends  noted  with  the  volatile  products.  In 
reaction  regimes  A  and  B  with  the  highest 
yields  of  CO2  and  N2O,  there  is  very  little 
residue,  and  that  which  remains  has  an  oily 
nature.  On  the  other  hand,  at  the  highest 
pressure  that  we  have  measured,  reaction 
regime  C,  a  solid  residue  fills  our  gasket 
completely  and  there  is  much  less  CO2  and  no 
N2O. 

DISCUSSION 

There  have  boon  many  different  kinds  of 
studies  of  NMB  decomposition  including 
studios  under  conditions  of  photolysis,^*^  pyro¬ 
lysis,^  and  high  pressure,*'®''^  We  believe  that 
the  decomposition  chemistry  in  compressed 
nltromethane  found  for  reaction  regime  A  Is 
difleront  from  any  that  has  been  previously 
reported  for  this  molecule.  This  chemistry, 
therefore,  does  not  involve  radical  production, 
CH3-NO2  CHa  +  NOa,  which  is  typical 
of  most  of  nitromothano's  pyrolytic  and  photo¬ 
chemical  reactions.  Although  wo  have  not  yet 
determined  our  limits  of  detectivity  for  meth¬ 
ane,  ethane,  or  NO2,  we  do  not  observe  any  of 
these  products  and  their  absence  would  mean 
that  the  radical  reaction  is  not  the  dominant 
decomposition  pathway. 

The  three  basic  reaction  regimes  that  we 
observe  can  be  categorised  as  the  nitrogen 
coupling  regime  (A),  carbon  oxidation  regime 
(B),  and  dehydration  regime  (C).  We  suggest 
that  the  nitrogen  coupling  reaction  necessary 
fur  N2O  production  (regime  A)  involves  either 
an  N-nltroso  or  an  N-nitrato  intermediate,  but 


we  have  no  information  yet  to  confirm  that. 
The  relatively  small  amount  of  residue  would 
then  be  a  polymer,  possibly  similar  to  poly¬ 
vinyl  alcohol  (PVA).  Regime  B  involves 
oxidation  of  the  carbon  and  presumably,  simul¬ 
taneous  reduction  of  the  nitrogen  to  amine. 
Direct  attack  of  the  oxygen  on  the  carbon  and 
then  hydrogen  transfer  to  the  nitrogen  site  is  a 
plausible  route  to  produce  hydroxyamine 
formate,  a  likely  precursor  to  CO2  evolution.  It 
is  notable  that  even  under  conditions  that 
produce  the  largest  amounts  of  C02»  neither 
formaldehyde  (as  a  volatile)  nor  paraformalde¬ 
hyde  (detected  in  the  residue)  are  observed 
among  the  products. 

Finally,  in  regime  C  a  notable  amount  of 
orange  colored  solid  remains  alter  the  reaction, 
with  water  as  the  only  volatile  detected.  This 
dehydration  product  could  be  related  to  the 
methazonate  polymer  that  is  known  to  result 
following  further  reaction  of  the  aci-ion.  On 
the  other  hand,  there  are  reports^*^*^  that  this 
solid  is  largely  either  ammonium  formate  or 
ammonium  oxalate,  with  the  orange  color  then 
due  to  small  amounts  of  other  minor  products. 

These  results  are  consistent  with  the 
hypothesis  that,  for  nitromethane  initiation, 
reactions  that  produce  small,  stable  molecules 
are  going  to  be  important.  These  reactions  will 
release  the  large  amount  of  compressive 
energy  that  is  necessary  to  drive  subsequent 
chemistry.  Therefore,  we  consider  both  reac¬ 
tions  A  and  B  to  be  important  in  the  initiation 
process.  Reaction  C,  however,  largely  results 
in  solid  products  and  should  consume  com¬ 
pressive  energy  due  to  its  -AV,  thereby 
quenching  any  initiation  chemistry  that  might 
occur. 

These  reactions  occur  in  the  solid  state 
and  are  therefore  quite  complicated,  but  one 
must  study  these  types  of  neat  phase  reactions 
if  a  better  understanding  of  the  chemistry  of 
initiation  is  to  follow.  We  feel  that  even  a 
crude  understanding  of  many  of  the  reactions 
is  preferable  to  no  understanding  of  the  neat, 
condensed  phase  reactions  at  alt.  It  is  obvious 
that  extreme  caution  must  be  used,  for  exam¬ 
ple,  if  one  wishes  to  relate  these  condensed 
phase  reactions  to  gas  phase  pyrolytic  chemis¬ 
try  or  photochemistry.  The  implication  is  that 
concerted  reactions  will  more  often  than  not 


1023 


dominate  over  the  bond-’breeking  reactioni 
that  dominate  at  low  denaity  in  the  gaa  phaae. 

Both  HMX(eyelo  tetramethylene  tetrani* 
tramine)  and  RDX(cyclo  trimethylene  trini- 
tramine),  which  are  very  important  military 
high  exploiivea,  produce  N2O  in  their  thermal 
decompoiition  at  low  preeaure*  It  haa  been 
ahown^^  that  RDX,  under  iaolated  molecule 
pyrolyaia,  undergoea  a  concerted  ring  breaking 
ctep  to  flrat  produce  methylene  nitramine, 
aubaequently  decompoaing  to  formaldehyde 
and  N2O  aa  1/3RDX  CHg  -  N-NO2  N2O 
-f  CHgO.  Ammonium  nitrate,  the  primary 
component  of  induatrial  high  exploaivea,  aloo 
producea  N2O  upon  deeompoaition.^^  Thia 
latter  N2O  production  haa  ^n  explained  aa 
due  to  the  initial  dehydration  to  produce 
nitramine  aa  (NHeliNOa)  H2N-NO2  +  H2O. 
followed  by  (Urther  dehydration  at  nitramine 
with  an  HNO  dimer  intermediate  aa  H2N-NO2 
"+  (HNOlg  N2O  +  H2O.  Key  in  both  of 
theae  aehemea  ia  the  nitramine  intermediate, 
and  we  auggeat  that  nitromethane  deeom* 
poaition  moat  likely  involvea  a  dimeriaation  or 
reaction  between  the  nitrogena  of  adljacent 
nitromethanea.  Thia  could  be  due  to  unimolee- 
ular  rearrangement  of  NME  to  hydroxyl- 
amine  formate,  HCOO-NH2,  with  aubaequent 
attack  on  another  nitromethane  to  produce 
H2COOCH3  +  NHa-NOa,  aimultaneoua  iaom- 
erixationa  of  adjacent  NMRa  to  methyl  nitrite 
with  a  coupling  reaction  to  produce  CHsOCHy 
and  N2O,  or  unimolecular  formation  of  an 
(H2C0)(HN0)  intermediate  for  adjacent  NMBa 
with  reaction  of  two  HNOa  to  form  N2O  and 
water  aa  ahown  above.  All  of  theae  mech- 
aniama  muat  in  turn  be  controlled  by  the  aolid 
atato  phaae  that  we  know  ia  important  for  the 
reaction  to  proceed. 

Another  poaaible  initial  reaction  ia  the 
iaomeriaation  to  the  nitrite  form,  CH3-NO2 
CHs-O-NO,  with  aubaequent  reaction  to  pro¬ 
duce  the  obaerved  producta.  This  reaction 
would  presumably  result  in  N2O  and  CO2 
production  through  an  intermolecular  coupling 
reaction,  although  one  expects  significant 
amounts  of  methancl  or  perhaps  formaldehyde 
to  result.  A  recent  report^^  on  supercritical 
nitromethane  pyrolysis  also  suggests  this 
reaction  is  a  first  step  under  those  conditions. 
However,  we  have  independently  found  that 


formaldehyde  polymerises  readily  under  these 
conditions  to  form  paraformaldehyde,  which  is 
directly  characterixable  in  the  infrared.  Since 
we  And  no  evidence  for  either  formaldehyde, 
formalyn,  or  paraformaldehyde  among  the 
reaction  products  of  nitromethane,  the  sug¬ 
gestion  is  that  there  is  another  pathway  to 
teih  N2O  and  CO2.  Also,  there  is  no  reason  to 
expect  the  isomerisation  to  be  inhibited  in  the 
fluid  phaae,  at  slightly  lower  pressure.  The 
fact  that  we  do  not  observe  significant  NME 
decompoaition  in  the  fluid  then  implies  that 
the  nitrite  isomerisation  is  not  the  initial 
reaction  leading  to  decomposition. 

Much  previous  work  has  been  per¬ 
formed^^  on  the  role  of  the  aci-ion  of  nitro¬ 
methane  in  the  sensitisation  of  nitromethane 
to  shock  initiation.  We  therefore  consider  the 
activation  of  nitromethane  by  means  of  either 
water  or  hydroxide  ion  to  be  a  logical  first 
reaction  step.  Since  it  ia  well  established  that 
the  aci-ion  dimerises  readily  under  ambient 
conditions  to  form  the  methasonate  ion,  it  is 
hard  to  believe  that  the  aci-ion  itself  would 
lead  to  the  chemistry  that  we  observe,  since 
subsequent  reaction  of  the  methasonate  pro¬ 
duces  an  ill-deflned  colored  polymer.  That  is, 
the  aci-ion  form  evidently  activates  the  carbon 
center  for  flirther  reaction.  In  order  to  produce 
NgO,  we  must  have  a  nitrogen  activation. 

The  exact  nature  of  this  nitrogen  coupling 
reaction  will  have  to  wait  for  fUrther  experi¬ 
ments.  We  are  currently  working  to  improve 
our  apparatus  by  increasing  the  heating  rate 
and  decreasing  the  contamination  level  of 
water.  Such  an  improved  apparatus  should 
allow  us  to  improve  our  measurements 
significantly. 

CONCLUSION 

Very  different  decomposition  reactions 
occur  for  solid  nitromethane  at  high  pressure 
as  compared  with  ambient  or  low  pressure 
conditions.  These  reactions  are  evidently 
concerted  intermolecular  reactions,  and  three 
very  different  reaction  regimes  occur  as  a 
function  of  pressure  and  temperature.  We 
suggest  that  the  first  two  reaction  regimes, 
those  that  produce  N2O  and  CO2,  are  most 
closely  related  to  the  chemistry  of  initiation. 
Moreover,  we  expect  that,  in  general,  reactions 
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in  en«rgetie  materials  that  very  quickly 
produce  small,  stable  molecules  (l.e.,  +AV 
overall),  but  are  nevertheless  associated  with 
-AV^  (a  decrease  in  volume  for  the  activated 
complex),  will  be  most  important  for  deter¬ 
mining  the  initiation  of  the  material. 
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REPLY  BY  STEPHEN  F.  AGNEW 

I  have  a  mechanism  for  formation  of 
formyl  amine,  which  is  an  isomer  of  nitro¬ 
methane,  as  opposed  to  ammonium  formate. 
(The  analyses  that  have  been  performed  on 
the  product  would  not  differentiate  between 
ammonium  formate  and  formyl  amine.)  First, 
there  is  a  dimerization  involving  insertion  of 
oxygen  into  the  C-H  bond,  with  concomitant 
migration  of  the  hydrogen  to  the  other  oxygen 
of  the  NO2. 
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1  show  it  here  as  a  concerted  pathway,  but 
it  could  very  well  be  multi-step.  Next,  the 
carbon  must  be  further  oxidized,  and  1  suggest 
that  one  possible  mechanism  is  one  in  which 
the  carbon  is  again  oxidized,  while  the 
nitrogen  is  reduced  to  an  amine. 
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Thus,  we  end  up  with  the  mass-balanced 
isomerization  of  nitromethane  to  formyl  amine. 
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This  proeesa  will  be  thermodynamically 
favored,  since  the  carbon  oxidation  and 
nitrogen  reduction  are  the  driving  forces  for 
nitromethane's  decomposition.  This  molecule 
is  not,  however,  known  to  be  stable.  It  would 
be  the  simplest  amino  acid  if  it  were.  I  suggest 
that  a  condensation  polymerization  that  forms 
various  oligomers  is  very  likely  as 


-  nHaO  H  H  H 

-4  I  I  I 

...  /^ 


DISCUSSION 


STEVEN  F.  RICE 
Lawrence  Livermore  National 
Laboratory 
Livermore,  CA  94660 

I  have  noticed  in  experiments  similar  to 
yours,  without  nearly  your  detail,  that 


continued  heating  of  nitromethane  eventually 
produces  a  colored  reddish  and  then  black 
deposit.  Have  you  observed  this  and  could  you 
comment  as  to  what  may  be  happening  here? 

REPLY  BY  STEPHEN  F*  AGNEW 

As  I  noted  in  my  talk,  there  are  at  least 
three  very  different  product  distributions, 
which  I  attribute  to  at  least  three  separate 
pathways.  The  one  that  1  believe  that  you  are 
referring  to  involves  the  formation  of  formyl 
amine  and  its  condensation  analogs.  I  have 
observed  reddish  and  black  products,  and 
believe  that  the  reddish  color  is  due  in  part  to 
the  nitroxalates  that  are  formed  upon  attack  of 
the  oxygen  on  the  carbon.  1  also  expect  that 
there  will  be  significant  nitronate  formation 
(i.e.,  reduction  of  the  carbon)  to  form 
Y2C  =  N00-,  species  of  which  are  known  to 
polymerize.  The  corresponding  oligomers 
should  range  from  red  to  black. 
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DECOMPOSITION  MECHANISMS  AND  CHEMICAL  SENSITIZATION 
IN  NITRO,  NITRAMINE,  AND  NITRATE  EXPLOSIVES 


M.  D.  Cook  and  P.  J.  Haakins 

Royal  Armament  Research  and  Development  Establishment 
Port  Halstead,  Sevonoaks,  KentTN147BP,  UNITED  KINGDOM 


In  thU  paper  we  report  the  reeulte  of  ab-initio  molecular  orbital 
calculationa  on  C-N  bond  scieaion  in  nitromethane,  and  on  the 
influence  of  an  ammonia  molecule  on  thia  mode  of  decompoaition. 
Similar,  but  more  preliminary,  reaulta  are  given  for  methyl  nitramine 
and  methyl  nitrate.  Theae  calculationa  are  diacuaeed  in  conjunction 
with  the  reaulta  ofaome  recent  experimenta,  and  a  new  mechaniam  for 
the  amine  aenaitixation  of  nitro  compounda  ia  propoaed. 


INTRODUCTION 

The  chemistry  involved  in  initiation  and 
detonation  of  energetic  materials  has  become  a 
rapidly  growing  Held  of  interest  over  the  last 
few  years.  A  number  of  decomposition  schemes 
have  been  suggested  for  some  explosives,  but 
conclusive  evidence  to  support  these  predic¬ 
tions  has  not  been  forthcoming  to  date.  This  ia 
not  surprising  In  view  of  the  considerable 
experimental  obstacles  to  studying  such  fast 
and  complex  reactions.  Theoretical  treatments 
are  also  diflicult  due  to  the  complex  nature  of 
the  reactants  and  the  large  number  of  reaction 
pathways  that  need  to  be  considered.  It  is 
therefore  necessary  to  proceed  cautiously  using 
all  available  experimental  evidence  to  guide 
the  theoretical  predictions.  In  the  work 
reported  here  we  have  adopted  a  joint 
theoretical/experimental  approach  in  an 
attempt  to  elucidate  the  rate  controlling  step 
in  the  decomposition  of  a  number  of  energetic 
materials.  Our  studies  have  encompassed  a 
number  of  nitro,  nitramine  and  nitrate  ester 
explosives,  with  the  major  effort  to  date 
directed  at  nitro  compounds  (some  preliminary 
results  are  given  in  References  I  and  2). 

This  study  has  concentrated  upon  the 
effect  some  compounds  have  on  the  sensitivity 
of  various  explosives.  For  example,  nitro¬ 
methane  is  strongly  sensitised  by  amines. 
Engelke  was  probably  the  first  to  study  such 
systems  and  recognise  their  significance  in 


understanding  detonation  chemistry.  He 
realised  that  the  sensitisation  of  nitromethane 
by  amines  implied  one  of  two  things;  either 
new  faster  chemical  pathways  are  afforded  by 
the  action  of  the  amines,  or  the  pathways 
already  in  effect  without  the  amine  present  are 
enhanced,  for  example,  by  the  production  of  a 
higher  concentration  of  a  rate  controlling 
species.  Bngelke^*^*^  has  written  a  number  of 
papers  in  which  he  has  reported  spectroscopic 
and  chemical  studies  on  the  sensitisation  of 
nitromethane  by  amines.  He  has  attempted  to 
explain  his  results  in  terms  of  the  production  of 
a  new  chemical  species;  the  "aci-ion.**  In  this 
paper  we  present  now  experimental  and 
theoretical  evidence  to  support  an  alternative 
mechanism. 

POTENTIAL  ENERGY 
CALCULATIONS 

Our  theoretical  studies  have  been  based 
on  ab-initio  molecular  orbital  calculations 
performed  using  the  Qaussiun  86  code  and  its 
predecessor  Gaussian  82.^  All  computations 
were  carried  out  on  a  Cray  IS  computer.  The 
mcdority  of  the  calculations  have  been  carried 
out  using  a  modest  sised  (6-3 IQ  split- valence) 
basis  set  in  order  to  save  computational  time, 
and  to  ease  problems  of  SCF  convergence 
which  were  experienced  with  Gaussian  82. 
Convergence  problems  wore  negligible  with 
Gaussian  86  and  some  of  the  more  recent 
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calculations  have  been  carried  out  using  a 
larger  (6-31 IQ**)  basis  set.  Additional  calcu¬ 
lations  have  been  carried  out  at  post  SCF 
levels  using  Moller-Plesset  MBPT  to  either 
second  (MP2)  or  fourth  order  (MP4).  The  MP4 
calculations  include  single,  double,  triple,  and 
quadruple  excitations. 

Nltromethane 

At  the  last  conference  in  this  series,'^  we  I 
reported  details  of  some  tlartree  Pock  cal-  | 
culations  of  the  potential  energy  surface  for  | 
unimolecular  CH3--NO2  bond  scission.  How¬ 
ever,  the  HP  approach  to  this  problem  suffers 
from  two  mi^or  defects.  Firstly,  the  single 
determinant  wavefunctlon  gives  a  poor  repre¬ 
sentation  of  the  ground  state  (and  distorted 
species  on  the  potential  surface)  due  to  the 
significant  singlet  bi-radical  character  of  nitro 
compounds.^  Secondly,  HF  calculations  are 
generally  very  poor  at  predicting  the  ener¬ 
getics  of  reactions  involving  rupture  or  forma¬ 
tion  of  electron-pair  bonds.  It  is  generally 
found  that  HF  dissociation  energies  will  be  too 
low,  sometimes  by  as  much  as  SOkcal/mol.*  It 
is  also  worth  noting  that  a  HF  study  of  the 
potential  energy  surface  for  this  reaction 
(obtained  by  syatematically  increasing  the  C  N 
bond  and  re-optimising  the  remainder  of  the 
geometry)  would  suggest  CHa*^  and  NOa*  as 
the  products  instead  of  the  (lower  energy) 
neutral  radicals  which  are  formed.  However, 
the  bond  dissociation  energy  can  bo  obtained 
from  IIK  calculations  by  carrying  out  UHF 
calculations  on  the  separated  product  radicals. 

If  one  also  makes  the  reasonable  assumption 
that  there  will  be  no  signldcant  barrier  to  the 
radical  back  reaction  then  the  bond  dissocia¬ 
tion  and  activation  energies  are  Identical.  The 
results  of  such  IIK  calculations  are  shown  in 
Figure  1,  the  bond  dissociation  energy 
obtained  being  46  kcal/mol. 

Clearly  the  I  IF  approach  is  inadequate, 
and  it  is  woll-known  that  corrections  for 
electron  correlation  are  necessary  to  satls- 
factorily  describe  systems  of  this  typo.  Wo 
have  therofore  repeated  our  early  calculations 
on  the  unimolecular  CII3--NO2  decomposition 
at  both  the  MP2  and  MH4  levels  of  accuracy 
using  the  HF  optimized  geometry  and  a 
6-31 IG**  basis  sot.  The  potential  energy 


Figure  1,  HF  Calculationa  on  Nitromethane 
and  an  Ammonia  -  Nitromethane  Complex 


surfaces  derived  by  both  methods  are  shown  in 
Figure  2.  The  MP4  surface  is  a  smooth  curve 
fl'om  the  ground  state  of  the  molecule  to  the 
final  radical  products  'CHs  and  *N02,  and 
even  predicts  a  small  Van  der  Wauls  attraction 
between  the  radicals  at  around  3.2  A”.  The 
bond  dissociation  energy  obtained  from  the 
MP4  calculation  is  66.6  kcal/mol  which  com¬ 
pares  reasonably  well  with  the  experimental 
value  of  60.3  kcal/mol,  particularly  when  one 
considers  that  the  geometries  were  optimized 
at  the  HF  (as  opposed  to  MP4)  level  to  reduce 
computational  time.  The  MP2  calculations 
give  e  very  similar  bond  dissociation  energy 
(67.1  kcal/mol)  but  like  the  HF  approach 
predict  an  incorrect  dissociation  to  CHa'^  and 
NO2' 

To  ascertain  if  a  smaller  basis  set  would 
still  give  reasonable  dissociation  energies,  the 
ground  state  and  radical  product  energies  were 
recalculated  at  the  MP4  and  MP2  levels  with  a 
6-31G  basis.  Those  yielded  dissociation  ener¬ 
gies  of  68.1  and  66.7  kcal/mol  for  the  MP2  and 
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Figure  2.  MP2  and  MP4  Calculations  on 
Nitromethane 


MP4  calculations  respectively.  On  the  basis  of 
these  satisfactory  values  it  was  decided  to 
carry  out  the  calculations,  reported  later,  on 
the  ammonia/nitromethane  complex  with  a 
6-3 IG  basis.  In  addition,  we  have  carried  out 
full  MP2/6-31Q  optimizations  of  the  ground 
state  and  flnal  products.  This  more  reflned 
approach  lowered  the  dissociation  energy  to 
67  kcal/mol. 

Amine/Nitromethane  Calculations 

* 

We  have  recently  described*  some  prelim¬ 
inary  calculations  on  the  interaction  of  an 
ammonia  molecule  with  a  nitromethane 
molecule.  This  work  was  carried  out  in  order 
to  study  the  sensitization  effect  that  amines 
have  on  nitromothano,  and  hopefully,  aid  us  in 
understanding  the  decomposition  of  pure 
nitromethane.  In  our  calculations  an  ammonia 
molecule  was  used  as  a  model  amine  to  reduce 
computational  time.  Full  geometry  optim¬ 
izations  were  carried  out  on  a  number  of 
orientations.  These  included  structures  where 
the  ammonia  nitrogen  atom  was  aligned  along 
the  C-H  and  C-N  bonds  of  the  nitromethane 
molecule.  In  addition  a  ring  structure  was 
studied  in  which  the  ammonia  nitrogen  atom 
was  adjacent  to  a  hydrogen  atom  on  the 


nitromethane  methyl  group,  while  a  hydrogen 
atom  on  the  ammonia  molecule  was  adjacent  to 
an  oxygen  atom.  The  interaction  of  the 
ammonia  hydrogens  with  the  nitromethane 
oxygen  atoms  was  also  examined.  Pull 
geometry  optimizations  on  these  structures  at 
the  RHP/6-31Q  level  indicated  that  the 
ammonia  was  hydrogen  bonded  to  the 
nitromethane  molecule  in  all  cases.  The 
interaction  energies  ranged  from  4.7  keal/mol 
for  the  ring  structure  to  l.Okcal/moI  for  the 
interaction  of  the  ammonia  hydrogens  with  the 
nitromethane  oxygens.  The  ring  structure  was 
the  most  energetically  favored  arrangement, 
although  only  by  a  small  margin. 

In  a  previous  publication*  we  described 
HF  studies  of  the  potential  energy  surface  for 
C-M  bond  scission  of  nitromethane.  Identical 
calculations  have  also  been  performed  with  an 
ammonia  molecule  aligned  along  the  nitro¬ 
methane  C-H  bond.  The  results  of  these 
calculations  showed  that  the  C-H  bond  break¬ 
ing  process  was  not  affected,  the  activation 
energies  calculated,  with  and  without  an 
ammonia  molecule  present,  being  identical. 

Recently  we  have  carried  out  potential 
surface  calculaticms  on  C-N  bond  scission  in 
nitromethane  with  an  ammonia  molecule 
aligned  along  the  nitromethane  C-N  bond.  The 
Initial  calculations  were  at  the  MF/6-31Q  level 
and  these  gave  the  potential  surface  shown  in 
Figure  I.  The  surface  was  generated  by 
incrementing  the  C-N  bond  and  fully  optimiz¬ 
ing  the  geometry  at  each  point.  It  can  be  seen 
that  it  is  markedly  different  from  that  for  an 
isolated  nitromethane  molecule,  which  is 
shown  in  the  same  figure.  The  potential 
energy  surface  for  C-N  bond  scission  of  the 
ammonia/nitromethane  complex  shows  some 
interesting  fouturos.  Firstly,  the  HF  calcula¬ 
tions  appear  to  behave  sensibly  as  the  C-N 
bond  is  stretched,  rising  in  energy  initially, 
reaching  a  peak  at  B,  then  dipping  to  a  local 
minimum  before  rising  again.  The  regions 
labeled  A,  B,  C  correspond  to  the  structures 
shown  in  Figure  3.  Structure  A  corresponds  to 
the  ground  state  of  the  ammonia/nitromethane 
hydrogen  bonded  complex.  Structure  B  repre¬ 
sents  the  transition  state,  while  C  corresponds 
to  the  Interacting  species  {CH3NH3}'''  + 
N02“.  The  activation  energy  for  C-N  scission 
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Figure  3,  llluetration  of  Structures  on  the 
Potential  Surface  for  an  Ammonia- 
Nitromethane  Complex 

in  the  hydrogen  bonded  complex  was  cal¬ 
culated  to  be  50  kcal/mol. 

The  potential  surface  for  C-N  bond 
sclaaion  in  the  ammonia/nitromeihane  com¬ 
plex  was  recalculated  using  full  geometry 
optimization  at  the  MP2/6-31Q  level.  Further 


Figure  4.  MP2  and  hfP4  Calculations  on  an 
Ammonia-Nitromethane  Complex 


calculations  were  also  carried  out  at  the 
MP4/6-31G  level  using  SCF  optimized  geome¬ 
tries.  Results  iVom  both  these  calculations  are 
shown  in  Figure  4.  it  can  be  seen  that 
although  neither  of  there  surfaces  show  a  local 
minimum,  they  are  in  all  other  respects 
similar  to  the  SCF  surface  shown  in  Figure  1. 
The  dissociation  energies  are  also  very  similar 
(MP2  gave  61  kcal/mol  and  MP4  49  kcal/mol). 

Examination  of  tl\e  optimized  geometries 
shows  that  when  the  C-N  bond  length  is 
increased  from  2.26  A”  to  2.3  A*  there  is  a 
sudden  drop  in  the  optimum  ammonia  nltro- 
gen/nltromethane  carbon  distance  from  2.7  A* 
to  1.77  A^  The  methyl  group  inverts  at  the 
same  C-N  spacing.  This  represents  the  point  at 
which  the  N02  group  is  effectively  no-longer 
bonded  to  the  methyl  group.  The  calculations 
therefore  suggest  that  the  C-N  bond  scission 
occurs  abruptly  at  around  2.3  A*,  but  a 
well-defined  transition  state  has  not  been 
identified  to-date. 

These  calculations  show  that  the  presence 
of  an  ammonia  molecule  provides  a  consider¬ 
ably  lower  energy  pathway  for  C-N  bond 
scission  in  nitromethane.  The  MP4/6-31Q 
calculations  show  a  reduction  in  activation 
energy  of  ca.  17.7  kcal/mol.  Clearly  if  C-N 
bond  scission  is  the  rate  determining  step  in 
the  shock  decomposition  of  nitromethane  then 
these  calculations  provide  an  explanation  for 
the  large  increase  in  sensitivity  upon  addition 
of  aminos. 

The  similarity  of  the  I  IF  results  to  those 
at  MP2  and  MP4  levels  for  the  ammonia/ 
nitromethane  complex  is  interesting  in  view  of 
the  significant  dif^ferences  for  nitromethane 
alone.  The  different  behavior  of  the  IlF 
solutions  is  probably  largely  due  to  the  fact 
that  in  the  complex,  unlike  the  isolated 
nitromethane,  the  number  of  electron  pair 
bonds  is  conserved  throughout  the  reaction. 

Methyl  Nitrate  and  Methyl  Nitramlne 

The  majority  of  our  computational  ofTort 
lo-date  has  been  concentrated  on  nitrometh- 
ane.  We  are,  however,  interested  in  other 
classes  of  energetic  materials,  the  most 
important  of  these  being  nitramlnes  and 
nitrate  esters.  For  studies  on  these  systems  we 
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have  choHcn  melhyl  nilramine  and  melhyl 
nilrale  as  model  compounds.  Wo  haw 
computed  potential  energy  surfaces  for  the 
unimolecular  bund  scission  process  leading 
to  loss  of  a  nitro  group  for  both  of  those 
molecules  as  a  comparison  with  the  work  on 
nitromothane.  Initial  calculations  were  again 
carried  out  at  the  IIF/6-31G  level  using  the 
same  procedure  us  described  in  the  section 
entitled  "Nltrumothune.’*  The  calculated  bond 
dissociation  energies  were  30  and  31  kcal/mol 
for  methyl  nitrate  and  nitraminc,  respectively. 
Wo  have  ronnod  these  results  by  recalculating 
the  onurgius  of  the  ground  states  and  the 
products  at  the  M1M/6-31Q  level  (using  SCK 
optimised  geometries).  The  MP4  estimates  for 
the  bond  dissociation  energies  being  47  kcal/ 
mol  for  methyl  nitramine  and  38  kcal/mol  for 
methyl  nitrate.  These  results  taken  with  those 
for  nltromcthano  are,  as  expected,  in  the  order 
nitro  >  nitraminc  >  nitrate.  This  ordering  is 
consistent  with  the  well-known  trends  in 
stability  and  sensitivity  for  these  families  of 
energetic  materials. 

Thu  calculations  on  the  interaction  of 
ammonia  with  nltromcthano  (section  "Amine/ 
Nitromothane  Calculations")  suggested  that 
ammonia  (and  presumably  amines)  sensitize 
nitromothane  by  providing  a  tow  energy 
pathway  fur  C-N  bund  scission.  To  further 
explore  this  possible  Honsitizatlon  mechanism 
on  explosives,  some  preliminary  ilK  calcula¬ 
tions  were  performed  on  methyl  nitramine  and 
methyl  nitrate,  with  an  ammonia  molecule 
placed  by  the  methyl  group  and  aligned  along 
the  C-X  bond  of  each  molecule.  The  results  of 
these  calculations  indicated  that  while  these 
compounds  formed  hydrogen  bonded  complexes 
with  aminos  the  X-N02  bond  strength  was  not 
affected.  Consequently,  provided  it  is  assumed 
that  X-N02  bond  scission  is  the  rate  deter¬ 
mining  step  in  the  decomposition,  these 
preliminary  results  suggest  that  methyl 
nitramine  and  nitrate  should  not  bo  sensitized 
by  amines. 

KXPKRIMKNTALSTUDIKSON 
SENSITIZATION  EFFECTS 

In  order  to  test  our  theoretical  predictions 
wo  have  carried  out  a  number  of  initiation 
experiments  using  both  a  modified  version  of 


the  NO),  large-scale  gap  test  and  also  the 
Rotter  drop  weight  impact  test.  The  experi¬ 
mental  details  of  these  tests  have  boon 
described  in  a  previous  publication.^ 

Using  the  gap  tost  wo  have  examined  the 
sensitization  effect  of  diethylene  triamine  on  a 
series  of  nltroalkanos  having  progressively 
loss  readily  abstractablo  a-hydrogens.  These 
nitroalkancs  were  nitromethane,  nltroethane, 
2-nitropropune,  and  2-methyl-2-nltropropane. 
Qap  test  experiments  showed  that  the  pure 
nitroalkancs  wore  all  very  insensitive,  and 
with  the  exception  of  nitromethane  all  failed 
to  detonate  oven  with  the  donor  charge  in 
direct  contact.  Further  gap  test  experiments 
on  nitroalkane/dlethyleno  triamine  (6  percent 
v/v)  mixtures  have  shown  that  it  is  increas¬ 
ingly  difficult  to  sensitize  them  along  the 
series.  A  mixture  of  2-mothyl-2-nltropropane 
and  5  percent  dielhylene  trlamino  failed  to 
detonate  even  with  the  donor  charge  In  direct 
contact.  It  should  bo  noted  that  while  both 
nitroothane  and  2-nitropropane  were  sensi¬ 
tized  their  shock  sensitivity  is  still  consider¬ 
ably  loss  than  nitromothane. 

Addition  of  diethylene  triamine  to  both 
nitromethane  and  nitroothane  gave  straw- 
yellow  solutions;  addition  of  the  same  amino  to 
2-nitropropano  gave  a  thick  white  precipitate 
which,  if  loft,  evaporated.  No  precipitate  or 
color  change  was  noted  when  ethylene  diamine 
was  added  to  2-muthyl  nltropropano,  and  the 
mixture  remained  colorless. 

In  order  to  examine  the  effect  of  aminos 
on  a  greater  variety  of  explosives  we  have 
used  the  Rotter  drop  weight  impact  test 
which  is  a  faster  technique  than  the  gap 
test,  and  has  the  added  advantage  of  only 
requiring  a  few  grams  of  the  explosive.  This 
tost  is  an  impact  sensitiveness  tost,  as  com¬ 
pared  with  the  gap  test  which  measures  the 
shock  sensitivity  of  an  explosive.  With  nitro¬ 
methane  the  results  from  this  tost  correlate 
well  with  those  from  the  gup  tost  experiments 
even  to  the  extent  that  the  test  correctly 
predicts  that  ethylene  diamine  has  a  greater 
sensitization  effect  than  diothylone  triamine. 
Unfortunately  the  other  nitroulkunos  failed  to 
initiate  at  the  highest  drop  heights  available 
in  the  Rotter  machine.  This  is  a  result  of  the 
low  sensitivity  of  these  materials  (oven  when 
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Bensitixed)  combined  with  a  relatively  low 
maximum  available  drop  height. 

Recently  wo  have  used  the  Rotter  test  to 
aBBOBB  the  senBitlxlng  effect  of  diethylene 
triamlne  on  a  number  of  crystalline  explosives. 
The  detailed  rcBults  of  these  tests  have  been 
reported  elsewhere,'^  but  we  summarize  the 
main  points  here  as  they  provide  additional 
support  for  our  proposed  sensitization  mecha¬ 
nism.  The  first  crystalline  explosive  we  studied 
in  the  Rotter  tost  was  2,4,6-trinitrotoluono 
(TNT).  This  showed  a  marked  senslttzatlon 
effect  on  addition  of  ca.  6  percent  diethylene 
triamlne.  The  TNT  was  also  observed  to 
change  color  from  pale  yellow  to  dark  purple  on 
addition  of  the  amine.  This  is  indicative  of  a 
charge  transfer  or  Meisenhuimor  type  complex. 

In  view  of  Engelke's  hypothesls^'^'*^  that 
the  aci-lon  Is  the  Important  species  In  the 
sensitization  of  nitro  compounds  by  amines  wo 
decided  to  use  the  Rotter  test  to  Investigate 
sonsltlzatlon  in  1,3,6-trlnltrobenzono  (TNU). 
TNB  cannot  form  a  resonance  stabilized  acl- 
qulnono  form  (as  TNT  can),  hence  the  aci-ion 
theory  would  not  predict  a  sensitization  effect 
in  TNH.  The  results  of  the  Rutter  scnsitizatien 
experiment  on  the  TNB  showed  not  only  that  it 
was  indeed  sensitized,  but  that  the  sensitiza¬ 
tion  was  of  the  same  magnitude  as  with  TNT. 
TNH  also  underwent  the  same  color  change  as 
TNT  on  addition  of  the  amino. 

We  have  also  carried  out  Roller  tests  on 
RDX  and  PK'I'N,  both  pure  and  with  6  percent 
dicthylene  trlamine.  For  both  those  explosives 
no  sensitization  effect  was  observed.  This  is 
conslstenl  with  our  tentative  hypothesis  con¬ 
cerning  nilramines  and  nitrates  (section 
"Methyl  Nitrate  and  Methyl  Nitramine"). 

DISCUSSION  AND 
CONCLUSIONS 

The  results  presented  in  the  section 
entitled  "Nitromethane”  on  the  unimolecular 
C-N  bond  scission  in  nitromethane  are  a  good 
illustration  of  the  inadequacy  of  ilF  calcula¬ 
tions  to  realistically  model  such  reactions. 
Although  this  has  been  remarked  upon  by 
other  workers  it  is  probably  less  well  known 
that  MF2  calculations  also  fail  to  predict  the 
correct  dissociation.  MP2  does,  however,  give  a 


good  estimate  of  the  dissociation  energy,  MP4 
on  the  other  hand,  appears  to  adequately 
describe  the  whole  potential  surface  and  gives 
similar  dissociation  energies  with  both  6-3 IQ 
and  6-31 IQ**  basis  sets. 

Comparison  of  the  activation  energy 
required  for  C-N  bond  scission  in  an  isolated 
nitromethane  molecule  and  in  the  ammonia/ 
nitromethane  complex  shows  a  dramatic  differ¬ 
ence.  The  MP4/6-31Q  calculations  show  that 
the  presence  of  the  ammonia  molecule  appears 
to  lower  the  activation  energy  by  ca.  27  per¬ 
cent.  This  new  low  energy  pathway  is 
primarily  the  result  of  a  bimolecular  process  In 
which  a  now  bond  is  created,  to  form  a 
protonated  methylamlne  molecule,  as  the 
nitromethane  C-N  bond  Is  broken.  To  date  we 
have  only  examined  this  reaction  In  a 
geometry  whore  the  ammonia  nitrogen  Is 
aligned  along  the  nitromethane  C-N  bond,  It  is 
quite  possible  that  other  geometries,  parti¬ 
cularly  the  ring  type  (mentioned  In  the  section 
entitled  "Amine/Nltromethane  Calculations"), 
may  provide  even  lower  energy  pathways. 

The  chemistry  that  occurs  in  the  ammo- 
nia/nltromethane  reaction  after  the  nitro- 
mothane  C-N  bund  Is  essontlally  broken  (i.o., 
greater  than  2.3  A**)  has  not  yet  been  Investi¬ 
gated.  Do-protonation  of  the  {CII3NI  3)'^ 
species  may  well  occur  at  an  early  stage  and 
may  oven  be  part  of  a  concerted  reaction  In 
some  orientations.  Thu  potential  surfaces 
beyond  2.3  A'’,  shown  in  Figures  1  and  4,  reflect 
certain  geometry  constraints  which  were 
imposed.  Those  constraints  wore  convenient 
for  studying  the  initial  reaction  but  prevent  us 
drawing  any  firm  conclusions  as  to  the 
subsequent  chemistry.  It  is  our  intention  to 
Investigate  further  reactions  in  the  near 
future. 

The  hydrogen  bonding  between  the 
ammonia  and  the  nitromethano  may  bo 
signincunt  in  two  contoxls.  Firstly,  it  might, 
In  the  bulk  rnaterial,  help  to  unsure  a  favorable 
orientation  for  the  subsequent  bimolecular 
reaction.  Secondly,  it  is  possible  that  the 
hydrogen  bonding  has  a  direct  influence  on  the 
strength  of  the  nitromethano  C-N  bond.  In  u 
recent  paper  Fliszar  ot  al”  gave  u  theoretical 
basis  for  weak  interactions  involving  the 
"exterior”  of  a  molecule  (o.g.  hydrogen  bonds) 
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having  a  marked  oflecl  on  "interior”  bonds  in  a 
molecule,  They  note  that  although  the  former 
bonds  may  be  relatively  weak,  any  charge 
imbalance  resulting  from  their  forniutlon  is 
capable  of  inducing  significant  inodificalions 
in  the  "interior”  of  the  bonded  partners  and 
thus  can  aiTect  their  reactivity.  This  is  possible 
because  for  a  reaction  involvings  bond  scission 
process  the  product  radicals  will  bo  electro- 
neutral  whereas  the  same  individual  moieties 
in  the  reactant  will  probably  not  be.  Thus  to 
describe  the  dissociation  energy,  a  term  which 
accounts  for  the  neutralisation  of  one  fragment 
(e.g.,CH3)by  the  other  (NO2)  must  be  included. 
Examination  of  the  calculated  charges  in  nitro- 
methane  and  in  the  nitromethane/ammonia 
complex  shows  that  the  polarity  of  the  C-N 
bond  is  reduced  upon  formation  of  the  complex. 
It  might  therefore  bo  argued  that  the  inter¬ 
action  will  have  weakened  the  C-N  bond.  How 
important  this  aspect  is  relative  to  the 
bimolecular  reaction  discussed  above  is  not  yet 
clear. 

The  theory  that  we  have  proposed 
regarding  the  sensitization  of  nltroinethane 
would  also  bo  expected  to  apply  to  other  alkyl 
nltro  compounds.  It  is  also  conceivable  that 
aromatic  nltro  compounds  may  bo  sensitized  by 
a  similar  mechanism.  To  back  up  our  theore¬ 
tical  predictions  we  have  performed  a  number 
of  experiments  to  study  the  sensitization 
effects  of  aminos  on  a  variety  of  explosives, 
liotter  drop  weight  impact  experiments  on 
sensitized  nitromethane  wore  found  to  be  in 
accordance  with  gap  tost  sensitization  experi¬ 
ments.  Further  experiments  on  sensitized 
TNT  and  TNH  showed  that  those  compounds 
were  not  only  sensitized,  but  to  the  same 
extent.  The  TNB  result  is  very  significant 
since,  while  it  cun  be  argued  that  an 
aci-quinono  form  could  be  responsible  for  the 
sensitization  of  TNT,  the  same  reasoning 
cannot  be  applied  to  TNH.  This  is  because, 
unlike  TNT,  TNB  has  no  alkyl  groups  and  it  is 
energetically  unfavorable  fur  a  ring  hydrogen 
to  bo  abstracted  to  furni  an  aci-ion  type 
structure.  The  only  explanation  for  the 
observed  experimental  results  is  fur  both  TNT 
and  TNB  to  be  sensitized  by  the  same  mech¬ 
anism,  which  negates  the  aci-ion  theory  for 
aromatics.  In  view  of  the  color  change  which 
takes  place  when  aminos  are  added  to  these 


nitroaromaticB  it  seems  likely  that  a  complex 
may  be  formed.  We  intend  to  address  the 
structure  of  these  aromatic  complexes  in  the 
near  future. 

Calculations  on  two  model  explosives 
suggested  that  neither  nitramines  nor  nitrate 
esters  should  be  sensitized  by  amines  since  the 
X-N02  bonds  are  not  weakened  by  the 
interaction.  This  is  of  course  true  only  If  it  is 
assumed  that  the  first  step  Involves  cleavage  of 
the  X-N02  bond.  The  results  from  Rotter 
experiments  appear  to  be  consistent  with  this 
hypothesis  although  only  one  nitramine  and 
one  nitrate  have  been  tested  to  date. 

The  calculations  that  we  have  presented 
in  this  papor  suggest  a  now  mechanism  for  the 
chemical  sensitization  of  nitro  compounds  by 
amines.  The  mechanism  proposed  is  consistent 
with  the  evidence  from  sensitization  oxpori- 
ments.  Considerably  more  work  is  needed  to 
understand  the  details  of  the  reactions 
suggested  hero,  particularly  for  the  nitro- 
aromatics. 
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DISCUSSION 

HORST  ADOLPH 

Naval  Surface  Warfare  Center 

Silver  Spring,  MD 

1.  It  may  be  true  that  the  addition  of 
ammonia  does  not  affect  Eaci  for  C-H 
bond  breaking,  but  it  should  affect 
the  equilibrium  concentration  of  aci- 
anion  and  this  could  be  the  cause  of 
sensitization. 

2.  What  is  the  evidence  for  charge  trans¬ 
fer  when  diethylenetriamine  is  added 


to  TNT?  1  believe  the  TNT  anion  is 
colored  also,  and  so  are  Meisenheimer 
complexes.  TNB  can  react  differently 
with  amines  than  TNT.  Just  because 
there  is  a  similar  color  change  does 
not  mean  that  there  is  the  same  reac¬ 
tion;  that  is  not  sufficient  evidence. 

3.  There  is  substantial  literature  on 
amine  interactions  with  nitroaroma- 
tics.  It  might  be  helpful  to  consult 
this  literature. 

REPLY  BY  MALCOLM  COOK 

1.  Addition  of  ammonia  will  increase 
the  concentration  of  aci-ions  that  is 
not  disputed.  However,  no  one  yet 
has  explained  how  the  aci-ions  could 
actually  cause  sensitization  of  nitro¬ 
methane,  whereas  the  alternative 
explanation  outlined  in  the  paper 
does. 

2.  It  is  true  that  the  TNT  anion,  as  well 
as  the  Meisenheimer  complexes,  are 
colored.  The  term  charge  transfer 
complex  was  used  as  a  general  term  to 
cover  a  range  of  possibilities.  The 
actual  form  of  the  complex  is  not 
known,  The  important  point  which 
was  highlighted  in  the  paper  was 
that  both  TNT  and  TNB  have  been 
shown  to  exhibit  identical  sensitiza¬ 
tion  effects  as  measured  in  the  Rotter 
Drop  Weight  Impact  Test.  The 
conclusion  that  both  are  sensitized  by 
the  same  mechanism  is,  therefore,  nut 
based  on  the  color  change  alone. 
Indeed,  the  very  fact  that  TNB  can  be 
sensitized  by  amines,  yet  cannot  form 
any  significant  quantity  of  aci-ions 
(as  it  has  no  easily  abstractable 
hydrogens)  implies  that  the  formation 
of  aci-ions  are  not  important  to  the 
sensitization  effect. 

3.  The  authors  are  well  aware  and  have 
consulted  the  substantial  literature 
on  the  interactions  of  amines  with 
nitroaromatics. 
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DISCUSSION 

P.  R.  BOLDUC 
USAP/MSD/APATL/MNE 
EglinAPB.PL  32542-5434 

Nitronate  long  are  often  implicated  aa  the 
"bad  actors"  in  nitroalkanes  sensitivity.  It 
seems  to  me  that  an  acid-base  reaction  of  the 
ammonia  with  the  nitronic  acid  (aka  aci)  form 
(which  is  some  6  pk  units  or  so  more  acidic 
than  the  nitro  form)  would  be  a  more  straight 
forward  expiaiation.  Couldn’t  the  amine 
sensitization  be  Just  a  special  case  of  general 
base  catalysis? 


REPLY  BY  MALCOLM  COOK 

1  refer  back  to  my  answer  given  to  the  last 
question.  1  do  not  dispute  that  addition  of 
ammonia  will  increase  the  concentration  of 
aci-ions,  but  the  question  arises  how  the  act¬ 
ions  could  actually  eaus^c  sensitisation  of 
nitromethane.  This  has  not  been  explained. 
Furthermore,  if  aci-ions  were  responsible  for 
the  sensitization  effect  increasing  amine 
concentration  should  load  to  further 
sensitization  whereas,  6%  v/v  amine/ 
nitromethane  appears  to  give  the  maximum 
effect.  However,  probably  the  most  important 
experimental  evidence  against  the  aci-ion 
theory  is  that  both  TNT  and  TNB  have  been 
shown  to  exhibit  identical  sensitization  effects 
as  measured  in  the  Rotter  Drop  Weight  Impact 
Test.  The  very  fact  that  TNB  can  be  sensitized 
by  amines  yet  connot  form  any  significant 
quantity  of  aci-ions  (as  it  has  no  easily 
abstractable  hydrogens)  implies  that  the 
formation  of  aci-ions  are  not  important  to  the 
sensitization  effect. 


DISCUSSION 

JAEQUES  BOILEAU 
SNPE 

Paris.  France 

1.  I  had  prepared  a  complex  TNT-ammonia 
through  a  reaction  in  totally  anhydrous 
medium,  but  I  did  not  have  the  apparatus  to 


study  the  structure-description  in  Memorial 
des  Loudres  in  the  year  1960. 

2.  How  do  you  explain  through  a  cycle  the 
sensitization  of  CH3NO2  by  a  tertiary  amine 
such  as  NB-I-3? 


3.  It  would  be  interesting  to  verify  if  crystals 
can  sensitize  nitromethane:  formula  of 
cryptand  2-2-2 


/ 


,CH2  CH2  0CH2  CH2  0CH2  CH2.^ 


N  — CH2  CHa  OCH2  CH2  OCH2  CH2  — N 
3H2  CH2  OCH2  CH2  OCH2  CH2'^ 


(The  cage  has  a  known  geometrical  form  and 
can  trap  the  cations.)  Is  the  nitromethane 
desensitized  by  cryptand  2-2-2  after 
sensitization  by  NaOH  by  trapping  Na  +  ,  the 
cation  CH2NO2  complexed  by  the  2-2-2 
cryptand? 


REPLY  BY  MALCOLM  COOK 

The  sensitization  of  amines  by  tertiary 
amines  (e.g.,  triethylamine)  has  been  observed, 
although  I  have  not  personally  verified  this. 
The  sensitization  effect  can  be  explained  in 
exactly  the  same  way  as  with  ammonia. 
Although  I  described  a  cyclic  complex 
structure  for  nitromethane/ammonia,  linear 
and  non-linear  structures  are  similar  in 
energy.  The  important  interaction  occurs 
through  the  amine  nitrogen  and  the 
nitromethane  methyl  group. 

As  far  as  cryptand  2-2-2  as  a  sensitizing 
agent  for  nitromethane  is  concerned,  I  would 
have  thought  that  it  would  indeed  sensitize 
nitromethane  provided  that  it  was  soluble 
enough.  We  have  not  carried  out  any 
experiments  with  cryptand  2-2-2,  but  if 
desensitization  were  to  occur  following 
sensitization  by  NaOH  it  could  be  explained 
simply  by  a  competition  between  formation  of 
the  nitromethane  cryptand  2-2-2  complex  and 
reaction  of  NaOH  with  the  cryptand  2-2-2. 
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DISCUSSION 

C.P.  CONSTANTINOU 
Cavendish  Physics  Laboratory 
Cambridge,  England 

In  Borne  of  your  NM  experiments  you  are 
getting  sensitization  with  NaOH  -  a  smaller 
effect  than  with  amines  but  nevertheless  there. 
Would  you  say  that  an  acid-based  sensitization 
mechanism  is  also  operative  but  less 
effectively? 


REPLY  BY  MALCOLM  COOK 

It  is  always  possible  that  an  acid-base 
sensitization  leading  to  a  more  reactive  species 
is  responsible,  but  less  effective.  However, 
addition  of  HaOH  to  nitromethane  is  an 
exothermic  reaction  probably  due  to  the 
presence  of  water.  Thus  the  nitromethane  was 
hotter  in  these  experiments  than  usual  and 
this  could  increase  the  likelihood  of  physical 
processes  playing  a  part. 
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DECOMPOSITION  OF  ENERGETIC  MATERIALS  ON  THE  DROP- 

WEIGHT-IMPACT  MACHINE 


Gregory  A.  Buntabt*  Theodore  L.  McKinney, 
Thomas  Rivera,  and  Gene  W.  Taylor 
Los  Alamos  National  Laboratory,  University  of  California 
Los  Alamos,  New  Mexico  87545 


The  drop-weight’impact  test  is  heavily  relied  upon  for  initial 
characterisation  of  limited  amounts  of  new  energetic  materials,  The 
mechanisms  for  reaction  of  energetic  materials  on  the  drop-weight 
machine  are  largely  unknown.  Partly  (ts  a  consequence  of  this  lack  of 
understanding,  results  obtained  on  the  drop-weight  machine  are  often 
misleading  and  inconsistent.  We  are  investigating  decomposition  of 
explosives  on  the  drop-weight  machine  using  radiometric  and 
spectroscopic  methods.  Initial  radiometric  results  reveal  consistent, 
sequential  emissions  for  specific  impacted  explosives  that  may 
correspond  to  time-resolved  chemical  reactions,  A  method  to  quantify 
the  extent  of  an  impact-induced  reaction  using  radiography  is 
discussed.  Limited  results  have  also  been  obtained  using  time-resolved 
spectroscopy. 


INTRODUCTION 

The  drop-weight-impuct  test  is  one  of  the 
cornerstonea  of  explosive  sensitivity  testing. 
Despite  widespread  use,  however,  numerous 
problems  detract  from  the  reliability  of  the 
test.  Those  problems  have  inspired  work  at 
this  liUburuLory  directed  towards  better  under¬ 
standing  the  principles  of  the  drop-weight- 
impact  test  as  well  as  the  dncomposltion 
chemistry  of  impacted  explosives.  Work  in  this 
vein  is  being  conducted  by  radiometric  and 
spectroscopic  examination  of  impacted  ener¬ 
getic  materials. 

The  drop-weight-impuct  test  is  one  of  the 
methods  most  relied  upon  for  initial  character¬ 
ization  of  high-explosives  (HE)  sensitivity. 
This  does  not  bespeak  of  superior  results 
provided  by  the  impact  test  but,  rather  a  lack 
of  better  results  obtained  by  other  methods 
with  limited  amounts  of  materials  and  a 
limited  investment  of  time  and  ufrort.  Other 
preliminary  sensitivity  tests  Include  the 
minimum-priming,  friction,  spark,  and  small- 
and  large-scale  gap  tests. ‘  Subsequent  large- 
scale  tests  Include  the  Susan,  spigot,  skid. 


bullet,  high-speed  machining,  and  heavily 
confined  heating  tests.’^  While  all  of  these 
tests  provide  valuable  Information  regarding 
explosive  sensitivity,  all  require  far  greater 
amounts  of  material  and  effort  than  does  the 
impact  lost.  Because  of  the  pivotal  role  the 
drop-weight-impact  test  piays  in  explosive 
sensitivity  testing,  one  might  expect  the  test 
to  be  well  characterized  and  defined.  Unfortu¬ 
nately,  this  is  not  the  case.  For  a  given  set  of 
explosives,  the  ranking  of  sensitivity  predicted 
by  the  impact  test  is  often  different  f^rom  that 
predicted  by  other  testa.  ‘  Indeed,  even  cor- 
reiation  between  different  drop-weight-impuct 
machines  seems  to  be  the  exception  rather 
than  the  rule.  Fur  example,  Table  1  lists  llso 
values  (that  height  from  which  a  falling  weight 
causes  explosive  reaction  50  percent  of  the 
time)  fur  some  common  explosives  tested  at 
Lawrence  Livermore  National  Laboratory 
(LLNL)  and  lios  Alamos  National  Laboratory 
(LAND.  The  use  of  a  6-kg  weight  at  LLNIj 
compared  to  a  2.5- kg  weight  used  at  LANL 
should  dictate  drop  height  ratios  of  approxi¬ 
mately  1:2.  Obviously,  this  Is  not  the  case.  The 
British  impact-sensitivity  test,  or  Rotter  Test, 
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Tablet.  Comparison  ofHso  Values  (CM) 
Published  at  LANL  and  LLNL 


LLNL  LANL 
(6.0  kg)  (2.6  kg)  RaUo 


FEFO 

28 

60 

2.1 

TNT 

80 

148 

1.9 

PETN 

11 

14 

1.3 

Baratol 

96 

110 

1.2 

PBX9601 

44 

48 

1.1 

RDX 

28 

28 

1.0 

HMX 

33 

32 

0.97 

Octol 

41 

38 

0.93 

DIPAM 

96 

85 

0.89 

gives  yet  a 

different  set  of  results.^ 

Problems 

of  reproducibility  are  further  aggravated  by  a 
lack  of  protocol  for  sample  preparation  at 
different  laboratories.  Particle  size,  percent 
voids,  sample  handling,  etc.  are  all  variables 
that  profoundly  affect  explosive  sensitivity  yet 
are  not  addressed  when  reporting  Hso  values. 
This  degree  of  uncertainty  in  a  test  as  crucial 
as  the  drop'-weight'tmpact  test  is  disturbing. 
Thus,  efforts  have  been  made  in  this  Labor¬ 
atory  and  others^'^'^*'^  to  better  understand  the 
chemistry  occurring  on  the  impact  machine. 
While  some  progress  has  been  made,  the 
problem  Is  fur  from  resolved. 

CURKKNTRESHIAKCH 

Efforts  at  I^os  Alamos  huvo  cunlurud  on 
utilizing  light  emission  from  impacted 
energetic  materials  in  an  attempt  to  better 
understand  the  decomposition  chemistry 
occurring  on  the  drop-weight- impact  machine. 
These  elTortH  can  be  divided  into  two  parts; 
time-resolved  radiometry  and  time-resolved 
emission  spectroscopy. 

RADIOMETRY 

Equipment 

In  the  course  of  radiometric  work  con¬ 
ducted  with  the  drop-weight-impuct  machine, 
the  relationship  between  drop  height  and 
temporally  resolved  light  omission  was 
examined.  The  experimental  apparatus  for 


this  study  (Figure  1)  consists  of  a  modiHed 
drop-weight  machine  with  a  specially  designed 
anvil  (Figure  2)  to  allow  light  transmission 
via  a  fiber-optic  bundle  to  an  RCA  8850 
photomultiplier  tube  (PMT).  The  PMT  signal 
is  amplified  by  an  Ortec  9301  fast  preampli¬ 
fier  and  an  Ortec  9302  amplifler/discriminator. 
The  amplified  analog  signal  is  stored  and 
processed  on  a  Nicolet  4662  oscilloscope.  Sig¬ 
nal  plotting  is  accomplished  with  an  Apple 
Macintosh  computer,  while  integration  is  done 
with  a  Hewlett  Packard  3390A  recorder/ 
integrator. 

In  a  typical  experiment,  30-mg  samples  of 
explosive  powder  are  placed  on  the  sapphire 
window  of  the  anvil.  The  weight  is  dropped 
from  varying  heights  and  the  resulting  light 
signal  recorded  on  the  oscilloscope.  The 
duration  of  light  emission  is  typically  between 
70  and  90  microseconds.  Representative  signal 
traces  are  shown  in  Figure  3. 


Figure  1.  Fxperimenlul  Apparatus  for 
Radiometry 


ttppMri 

Slug 


Strlkar 


Figure  2.  Modified  Experimental  Anvil 
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Figure  3,  Time  Heaolved  Emiaaion  from 
Impacted  Expioaivea 


ReiulU 

in  thti  case  of  full  "goea,”  a  conaiatently 
ahapod  light  tiaco  waa  obtained  for  each 
explosive  examined  to  dale.  The  fact  that  light 
emiaaions  from  difTerent  expioaivea  show  char¬ 
acteristic  and  conaiatent  features  implies  that 
unique,  aequunliul  chemical  reactions  are 
occurring  and  are  being  resolved  temporally. 
Using  niters,  thia  light  can  be  broken  down 
into  ultraviolet  (UV),  visible  (VIS),  and 
infrared  (iR)  components.  UV  light  occurs 
early  and  is  of  short  duration,  while  visible  and 
IR  components  are  present  throughout  the 
emission.  Occasionally,  duplicate,  yet  vir¬ 
tually  identical  traces  are  obtained,  indicating 
perhaps  that  two  separate  hot  spots  are 
forming  displaced  In  time  and  propagating 
Independently.  The  consistency  in  omission 
characteristics  fails  when  samples  are  only 
partially  consumed  and  essentially  no  light  is 
generated  by  "no-goes.’* 


Early  radiometry  results  indicated  the 
quantity  of  light  produced  by  an  impacted 
explosive  varied  as  a  function  of  impact  height. 
Thus,  total  emission  seems  to  be  an  intrinsic 
indicator  of  the  extent  of  chemical  decom¬ 
position.  A  set  of  explosives  extensively  used 
at  Los  Alamos  was  subjected  to  impact  from  a 
3-kg  weight  on  a  modified  drop-weight-impact 
machine  and  the  total  integrated  light 
emission  recorded.  A  plot  of  averaged  total 
light  emission  for  FETN,  in  arbitrary  units, 
versus  drop  height  is  shown  in  Figure  4.  At 
least  five  drops  were  made  at  each  height. 
"No-goes"  were  obtained  along  with  "goes"  at 
the  lowest  drop  heights.  In  these  cases  a  value 
of  aero  light  omission  was  averaged  into  the 
emission  obtained  fl'om  "goea,"  Apparently, 
drop  heights  above  some  threshold  value 
provide  sufficient  energy  for  propagation  of 
the  decomposition  reaction  and  ard  character- 
bod  by  a  more-or-less  consistent  amount  of 
emission.  At  lower  drop  heights,  a  break 
occurs  where  light  produced  by  the  explosive 
begins  to  drop  off  rapidly  with  decreasing  drop 
height.  This  is  probably  indicative  of  InsuiU- 
cient  impact  energy  to  guarantee  propagation 
of  the  decomposition  reaction  to  the  point  of 
sample  consumption.  Eventually  a  point  is 
reached  where  no  sample  reaction  occurs  and 
no  tight  signal  is  obtained  within  the  number 
of  experimental  trials  performed,  Statistically, 
if  the  number  of  drops  from  very  low  heights 
were  increased,  a  reaction  with  accompanying 
light  would  eventually  be  obtained,  but 
experimental  practicality  limits  the  number  of 
drops  that  are  reasonable. 

w  I  . . 

lO- 


if  M 


. . . — < 

to  ao  30  40 

DROP  HIIOHT  (CM) 

Figure  4.  Plot  of  Drop  Height  Vs.  Aoerage  of 
Total  Integrated  Light  from  Impacted  PETN 
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These  results  are  consistent  with  high¬ 
speed  photography  work  done  by  J.  E.  Field 
where  it  is  possible  to  see  hot  spots  form  and 
die  out  in  impacted  secondary  explosives.^  At 
low  drop  heights,  hot  spots  quickly  die  out, 
thus  decreasing  the  amount  of  light  signal 
detected. 

Conclusion 

We  believe  that  light  emission  from 
energetic  materials  might  offer  an  alternative 
method  for  quantifying  sample  decomposition 
on  the  drop-weight  machine.  While  this 
method  is  probably  not  practically  suited  to 
replace  the  electronic  ear  now  used,  it  does 
offer  supplemental  information  regarding 
explosive  behavior  on  the  drop-weight  machine 
and  does  not  suffer  from  some  of  the 
limitations  imposed  by  the  current  method. 
For  example,  this  method  would  be  far  less 
sensitive  to  operator  and  equipment-related 
inconsistencies  associated  with  the  electronic 
ear.  In  the  radiometric  method,  long-term 
equipment  fluctuations  such  as  a  loss  of 
sensitivity  in  the  PMT,  would  be  characterized 
by  shifts  of  the  integrated  light  curve  up  and 
down  without  affecting  the  point  where  the 
curve  breaks.  Long-term  fluctuations  in  the 
sensitivity  of  the  electronic  ear  currently  in 
use  can  allow  misleading  Hsq  values  to  be 
published.  Furthermore,  impact  character¬ 
ization  of  propellants,  which  occasionally  do 
not  “pop"  on  the  impact  machine  because  of 
their  slow  rate  of  reaction,  might  be  improved. 
Before  conclusions  can  be  drawn  regarding  the 
practicality  of  this  method  of  characterization; 
however,  more  work  must  be  done  to  assure 
test  predictions  are  in  agreement  with  histor¬ 
ical  knowledge  regarding  sensitivities  of 
common  energetic  materials. 

SPECTROSCOPY 

In  addition  to  examining  radiometry  from 
Impacted  explosives,  attempts  were  made  to 
identify  the  molecular  species  responsible  for 
emission.  Previous  work  in  this  area  involved 
examination  of  IK  emission,  but  few  questions 
were  resolved.*^  The  mechanism  whereby  an 
impacted  explosive  goes  from  reactant  to 
products  is  largely  unknown.  The  light 
emitted  during  that  process  offers  one  of  the 


few  practical  means  of  exploring  this  chemical 
discontinuity.  Radiometry  work  has  suggested 
that  emissions  from  sequential  chemical  reac¬ 
tions  occurring  during  explosive  impact  can  be 
temporally  resolved.  This  suggests  that 
emission  spectra  obtained  at  different  times 
after  impact  might  permit  identification  of 
unique  chemical  species  associated  with  dilTer- 
ent  stages  of  decomposition.  If  time-resolved 
chemical  emissions  can  bo  identified,  some 
mechanistic  insight  regarding  impact-induced 
decomposition  might  be  oblainud. 

Equipment 

The  experimental  apparatus  used  in  this 
study  is  described  in  Figure  6.  A  bifurcated, 
fused-silica  fiber-optic  bundle  is  used  to 
connect  the  drop-hammer  apparatus  with  a 
0.26-m  Jarrel  Ash  spectrometer  and  a  PMT. 
The  PMT-amplifier/discriminator  section, 
already  described,  is  used  to  provide  a  trigger 
for  a  Tracor  Northern  TN6600  optical  multi¬ 
channel  analyzer  (OMA)  and  TN6143  vidicon- 
array  detector.  By  utilizing  a  TN6130-1  pulse 
amplifier/driver,  it  is  possible  to  gate  the 
detector  on  and  off  to  obtain  spectra  down  to 
160  nanoseconds  pulse  width.  By  varying  the 
delay  between  first  emission  and  fast  spectrum 
acquisition,  it  is  possible  to  obtain  time- 
resolved  emission  spectra. 

A  large  variety  of  explosives  were  exam¬ 
ined  cn  the  drop  hammer,  including  HMX, 
RDX,  TATB,  NTO,  TNT,  letryl,  HNS,  4-nitro- 
1-picryl-l, 2, 3-triazole,  sulfur  nitride,  and 
PETN.  Less  sensitive  explosives  that  would 


Figure  5.  Experimental  Apparatun  for 
Spectroscopy 
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not  react  on  the  experimental  drop  hammer 
under  normal  conditions  were  initiated  using 
aslapper  accessory  in  conjunction  with  the 
modified  anvil  already  described.  This  slapper 
accessory  consists  of  a  hardened  steel  piece 
that  attaches  to  the  anvil  and  locates  a  2-mm 
hole  directly  over  the  sapphire  window.  A  flyer 
from  a  Kapton  sheet  placed  over  the  hole  is 
driven  into  the  explosive  under  investigation 
by  the  primary  explosive  sulfur  nitride  that  is 
resting  on  top  of  the  Kapton  and  initiated  by 
impact.  Barrel  length  is  approximately  6-mm. 

Results 

Attempts  to  obtain  emission  spectra  from 
impacted  explosives  have  mot  with  limited 
success.  The  light  obtained  from  all  the 
explosives  examined  is  largely  black  body  in 
nature  with  a  few  areas  of  exception. 

Most  of  the  explosives  investigated 
exhibit  a  strong  emission  in  the  vicinity  of 
6899A  (Figure  6),  Sodium  emission  has  been 
identified  frequently  by  other  workers  examin¬ 
ing  light  from  detonating  explosives  and, 
consequently,  this  feature  was  initially  attrib¬ 
uted  to  the  strong  sodium  lines  occurring  at 
6890A  and  5896A.‘*  Further  experimentation, 
however,  indicated  sodium  an  unlikely  source 
for  this  emission  fealui  u. 

Spectra  obtained  fioni  a  sodium  source 
show  a  sharp,  unresolved  doublet  with  a 


Figure  6.  Emission  from  Impacted  PETN 


maximum  consistently  at  6890 +  -1  A.  The 
emission  from  impacted  explosives  samples 
maximized  between  5896A  and  6970A 
although  6899A  was  typical.  The  shape  and 
intensity  of  this  peak  proved  to  be  a  function  of 
time  after  impact.  For  example,  impacted 
PETN  samples  first  exhibit  the  5899A  band 
40  microseconds  after  first  light,  with  maxi¬ 
mum  intensity  occurring  after  70  micro¬ 
seconds.  All  the  samples  exhibiting  a  6899A 
emission  did  so  at  late  time  relative  to  first 
light.  When  the  samples  were  slapper  ini¬ 
tiated,  however,  prompt  Initiation  eradicated 
time  dependence  of  the  5899A  emission. 

Only  carbon  containing  explosives  show 
emission  at  6899A,  although  not  every  carbon 
containing  explosive  emits  in  this  region  (for 
example,  4-nitro-l-picryl-l, 2,3-triazole).  The 
non-carbon  containing  explosive,  sulfur 
nitride,  does  not  emit  in  this  region  even  when 
doped  with  sodium  salts.  Furthermore, 
intimate  mixing  of  strong  oxidizers  such  as 
KMn04  or  Oxone'^^  (Aldrich)  drastically 
reduce  or  eliminate  the  peak  in  question.  NTO 
emits  strongly  at  6899A,  yet  the  sodium  and 
potassium  salts  of  NTO  show  no  emission 
above  black  body  in  this  area. 

Thus,  tho  source  of  omtsHlon  in  the  5899A 
region  in  impacted  explosives  Is  probably  nut 
sodium.  Pushive  idunliflcHtion  of  the  emission 
source  from  the  present  data  is  impossible. 
The  peak  position  does  correspond  closely  with 
a  high  pressure  C2*'  (6,8)  omission  attributed 
to  carbon  radical  recombination,  e  g.,  |C(^P)  + 
C(®P)  ->  Ca*  (d'^ng)l.  If  tho  emission  source 
wore  C2*.  this  would  help  explain  the  effect  of 
strong  oxidizers  on  the  peak  Intensity.  Other 
investigators  have  identified  €2'^  emission 
from  detonating  explosives,  but  have  identified 
numerous  peaks  in  a  band  system  rather  than 
a  single  emission.^'^^^  Why,  In  this  instance, 
only  the  C2*  (6,8)  emission  would  occur  is  not 
known,  but  others  have  observed  this 
phenomenon.*^ 

No  other  molecular  omissions  v/ere  con¬ 
sistently  identified.  Nitraminos  occasionally 
showed  a  strong  Oil  band  at  3064A,  but  no 
pattern  for  appearance  was  discerned.  TNT 
exhibited  a  shoulder  at  431 SA  above  black 
body  radiation.  A  strong  CM  systom  begins  at 
43I5A,  but  no  other  peaks  in  the  system  wore 
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observed,  thus  definitive  assignment  is 
impossible. 

Emission  for  all  the  explosives  examined 
consists  of  UV,  VIS,  and  lU  components.  UV 
light  is  of  short  duration,  occurring  early, 
while  VIS  and  IR  components  persist  through¬ 
out  the  emission.  In  FETN,  for  example,  UV 
light  is  detectable  for  the  ilrst  40  microseconds 
of  emission,  while  VIS  and  IR  light  linger  the 
entire  90  microseconds  of  emission. 

Limited  results  using  powdered  and 
pelletized  explosive  samples  promoted  usage 
of  very  thin,  optically  transparent  explosive 
samples.  Unfortunately,  this  did  not  alter  the 
experimental  results  in  any  positive  way.  It 
was  concluded,  therefore,  that  definitive 
identiHcation  of  discrete  molecular  emissions 
from  impacted  exploslvos  was  not  practically 
feasible. 

CONCLUSION 

A  thorough  understanding  of  the 
chemistry  occurring  on  the  drop- weight-impact 
machine  remains  elusive.  Results  from  this 
work  imply  that  reproducible  sequential 
chemical  reactions  unique  to  a  given  explosive 
are  probably  initiated  by  impact.  Further¬ 
more,  the  amount  of  light  emitted  by  an 
impacted  explosive  may  be  used  as  an  intrinsic 
indicator  fur  extent  of  impact-induced  reaction, 
Identirication  of  specinc  molecular  species 
along  the  reaction  pathway  for  impact-induced 
explosive  decomposition  has  not  proven  possi¬ 
ble  by  this  method.  Further  mechanistic  work 
in  this  area  is  certainly  warranted.  At  this 
Laboratory,  rosearch  examining  omission  from 
explosives  subjected  to  laser  induced  decom¬ 
position  is  underway  in  conjunction  with  other 
projects. 
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DISCUSSION 

STEPHEN  F.  AGNEW,  Los  Alamos 
National  Laboratory^  Los  Alamos,  NM 

Did  you  see  N2  emission  at  314  nm? 
What  was  the  line  width  of  the  6899 A  line? 

REPLY  BY  G.  A.  BUNTAIN 

No,  I  did  not  see  any  sign  of  N2  emission 
at  3140A.  The  shape  of  the  6899A  emission 
varied  as  a  function  of  detector  head  gate 
delay.  Generally,  the  FWHM  was  about  SOOA. 

DISCUSSION 

BARRY  T.  NEYEN 
EG&G  Mound  Applied  Tech 
Miamisburg,  OH 

1.  How  does  the  radiometric  measurement 
look  for  explosives  that  do  not  detonate? 

2.  It  looks  like  the  ratio  of  drop  weight 
energies  for  explosive  initiation  for  the  LLNL 
and  LANL  testers  is  closer  to  1  than  2, 
indicating  that  sensitivity  is  a  function  of 
velocity  rather  than  energy.  Any  comment  on 
this? 

REPLY  BY  G.  A.  BUNTAIN 

1.  The  radiometric  traces  for  impacted 
explosives  that  did  not  decompose  to 
completion  were  not  at  all  reproducible.  These 
traces  tended  to  be  characterized  by  isolated, 
free-standing  light  spikes  as  if  the  sample  lit, 
but  did  not  react  to  completion. 


2.  The  ratios  of  published  impact  sensitiv¬ 
ities  between  LANL  (2.6  kg  weight)  and  LLNL 
(6  kg  weight)  are  Indeed  closer  to  1  than  2. 
Furthermore,  this  holds  for  quite  a  few  explo¬ 
sives  other  than  those  listed  in  Figure  1.  This 
implies  velocity  may  be  more  significant  than 
mass  in  determining  impact  numbers.  On  the 
other  hand,  there  is  unpublished  data  from 
work  done  by  Larry  Hantel  at  Los  Alamos, 
where  drop-weight  mass  was  varied  while 
other  conditions  were  held  constant,  indicating 
that  mass  has  a  very  significant  effect  on 
impact  numbers.  I  do  not  understand  this 
incon-sistency,  and  feel  further  work  in  the 
area  could  be  productive. 

DISCUSSION 

HOWARD  SHEINFELD 
U.S.  Army  Foreign  Science  & 
Technology  Center 
Charlottesville,  VA 

To  what  specific  transition  do  you 
attribute  the  brief  emission  of  UV  in  some  of 
your  tests? 

REPLY  BY  G.  A.  BUNTAIN 

All  of  the  impacted  explosives  give  a 
broad,  short-lived  UV  emission.  Wo  do  not 
attribute  this  to  a  specific  transition,  but 
rather  to  a  multitude  of  electronic  transitions 
that  cannot  bo  discretely  idenliried. 
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BEHAVIOR  OF  AN  UNREACTED  COMPOSITE  EXPLOSIVE 
ON  LOW  VELOCITY  IMPACT 


C.  Loupias  and  A.  Fanget 
C.  E.  G.  46S00  Gramat  •  FRANCE 


This  paper  demonstrates  the  behavior  of  a  composite  unreacted  explo¬ 
sive  under  aggression  by  a  small  caliber  projectile.  The  CEG  has 
studied  the  dynamic  behavior  of  the  composite  explosive:  octorane  86A 
(composition;  16  percent  Pu,  84  percent  HMX).  Hopkinson  bar  and 
plate  impact  tests  were  carried  out  on  this  material  to  fit  a  viscoelastic- 
plastic  model  obtained  with  an  inert  composite.  This  behavior  model 
was  then  validated  by  testing  its  capacity  to  reproduce  the  propagation 
of  a  plane  wave  produced  by  plate  impact.  The  range  of  application  of 
this  model  is  10. ,  0.6  GPa  I  pressure  andll0^,S.10‘*  s'h  strain  rate. 


INTRODUCTION 

Vulnerability  of  explosives  against  low 
velocity  impact  is  an  important  part  of  the 
general  vulnerability  problem.  To  understand 
how  an  explosive  can  react  under  this  kind  of 
loading,  the  first  step  is  to  bo  able  to  simulate 
the  mechanical  behavior  of  the  unreacted 
explosive  In  the  appropriate  range  of  pressure 
and  strain  rate.  This  problem  is  complicated 
by  the  composite  nature  of  many  of  the 
explosives  used.  This  composite  nature  with 
a  large  amount  of  polymer,  usually  about 
10  percent,  requires  sophisticated  behavior 
models.  The  aim  of  this  work  is  to  present  a 
behavior  adapted  to  vulnerability  studies  of 
composite  explosives. 

Range  of  Investigations 

Two-dimensional  calculations  were  made 
to  obtain  pressure  range  at  low  velocity 
impact.  A  steel  bullet  with  a  velocity  of 
1000  nVs  impacts  the  target.  In  this  calcula¬ 
tion,  the  explosive  is  treated  as  a  nonreacUve 
material  with  a  simple  Mle-Qruneisen  equa¬ 
tion  of  state.  The  Hull  code  was  used  for  these 
calculations.  Close  to  the  axis,  the  maximum 
pressure  can  reach  about  3  GPa.  For  off-axis 
locutions,  this  maximum  pressure  drops 
strongly  to  a  few  GPa  when  the  distance  from 
the  axis  is  greater  than  two  or  throe  times  the 
diameter  of  the  bullet.  Therefore,  most  of  the 


material  is  submitted  to  pressure  of  a  few  QPa. 
To  describe  the  mechanical  behavior  of  an 
inert  material,  the  study  starts  by  making 
quasi-static  experiments  in  order  to  obtain 
some  basic  parameters  (elastic  modulus,  bulk 
modulus,  etc.)  and  to  get  an  idea  of  the  form  to 
be  used  (viscoelastic,  viscoplastic,  etc.).  How¬ 
ever,  most  of  these  experiments  are  not  possi¬ 
ble  with  an  energetic  material,  and  we  have 
therefore  been  obliged  to  develop  an  inert 
material  with  the  same  characteristics  as  the 
explosive  we  are  Interested  in.  Both  materials 
are  compared  In  Table  1 . 

The  inert  material  was  used  to  get  quasi¬ 
static  information,  and  dynamic  experiments 
were  conducted  with  the  explosive. 

INFORMATION  FROM 
EXPERIMENTS  ON  THE  INERT 
MATERIAL 

A  behavior  model  was  first  developed  for 
the  inert  material  of  Table  1 .  This  work  was 


Table  I.  Characteristics  of  the  Two  Composite 
Materials 


Material 

Polymer 

Grain 

% 

Polymer 

Explosive 

PU 

IIMX 

16 

Inert 

PU 

KCl-Mg.2Si04 

19 

presented  by  J.  Cagnoux  at  the  DYMAT 
Congress  in  Ajaccio  (September  1988).  Static, 
quasi-static,  and  dynamic  experiments  were 
performed.  They  allowed  the  determination  of 
a  model  adapted  to  these  kinds  of  materials. 
The  basic  features  of  the  model  are: 


1 )  A  viscoelastic  response  expressed  by; 

o'ij  =  2p’c'ij 

0*  jj  =  stress  deviator 

u*  ij  =  strain  deviator 

p'  ~  apparent  shear  modulus 

p’  =  p,|l  +  A^tD'l  II  -hC^PI 


with  p«,  Ap,  Cp,  and  i as  material  puruinotors, 
and  t  as  the  equivalent  strain  rate: 


2)  A  sensitivity  of  the  yield  stress  Y  to 
pressure,  strain-rate,  and  equivalent  plastic- 
strain,  This  was  expressed  by  assuming  the 
existence  of  a  plastic  potential; 


F  = 


(o'jj,  e P) 


e 


i' 

e 


~  equivalent  plastic  strain 


=  / 


«  MJ  *  |1 

3  'J  U 


and 


F  =  - 


3  Jj  +  YJl  + 


II  -I-  A  (£)"'!  II  -I-  C  PI 

7  7 

Yu,  Ay,  H,  Cy,  and  m  are  material  parameters, 
J'2  is  the  second  invariant  of  the  stress 
deviator. 

3)  A  pressure-volume  relation  of  the 

form: 

Ixiading: 


-I- 


) 


Unloading; 


where  K],  K2,  K3,  and  Ka  are  material 
parameters. 

The  experiments  gave  the  value  of  the 
material  parameters.  The  parameters 
obtained  from  static  or  quasi-static  experi¬ 
ments  wore  then  used  for  the  explosive. 

DYNAMIC  KXPKRIMKNTS ON 
THE  ENERGETIC  MATERIAL 

Dynamic  experiments  were  performed  in 
dynamic  uniaxial  compression  (Hopkinson 
bar)  and  dynamic  uniaxial  strain  (plate 
impact)  on  the  energetic  material. 

For  dynamic  uniaxial  compression  using 
a  Hopkinson  bar,  the  results  also  revealed  an 
Increase  in  the  elastic  moduli  and  in  the  yield 
stress  in  relation  to  the  strain  rate  (Figures  la 
and  lb).  As  expected,  the  two  materials  of 
Table  1  have  a  similar  behavior.  For  dynamic 
uniaxial  strain,  experiments  consisted  of  the 
projection  of  plates  onto  a  flat  target  using  a 
compressed  gas  gun.  A  pyrex  glass  impactor 
was  used  to  provoke  instant  unloading  of  the 
composite  material.  The  signal  of  the  dilata- 
tional  wave  produced  by  the  impact  was 
measured  at  the  PMMA-Window  interface, 
using  a  visar  velocity  interferometer.  The 
particle  velocity  diagrams  (Figures  2a  and  2b) 
show  a  33  m/s  intensity  precursor  for  shot  1031 
and  21  m/s  for  shot  1038.  The  targets  had  a 
diameter  of  80  mm  and  a  thickness  of  6  or 
10  mm  according  to  the  tost.  The  dynamic 
experiments  allowed  us  to  got  specific  param¬ 
eters  for  the  explosive.  All  parameters  for  the 
model  of  the  explosive  are  given  in  Table  2. 

The  model  was  introduced  into  the  Hull 
code  and  a  numerical  simulation  was  made  of 
the  dynamic  uniaxial  strain  experiments. 
Comparison  with  the  experiments  is  given  in 
Figures  3a  and  3b. 
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a)  Apparent  Elastic  Moduli  Vs.  Strain  Hate  b)  Linearity  Limit  Vs.  Strain  Hate 
Figure  / ,  Yield  Stress  Vs.  Strain  Hate  (Hopkinson  Test) 


Time  (p,s)  Time  (/li.s) 


u)  Shot  N’’  1038,  Vf,  -  78  M/S  ^  b)  Shot  1031,  Vp  =  93  M/S 

Figure  2.  Viaar  Heaults  of  Two  Experiments 

CONCLUSIONS  range  of  pressure  will  allow  us  to  study  its 

capacity  to  reproduce  two-dimensional  experi- 
We  have  dovelopod  a  model  adapted  to  merits  (Figures  4a  and  4b).  A  study  of  the 
low  vulnerability  probiems  involving  cum-  damage  (Figures  6a  and  5b)  to  these  kinds  of 
posite  explosives.  This  model  is  able  to  materials  has  also  been  undertaken.  We  hope 

describe  the  mechanical  behavior  of  the  that  this  research  will  icad  us  to  a  better  com- 

unreacted  explosive.  The  extension  of  validity  prehension  of  an  explosive's  response  to  a  low 
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lifter  face  velocity  (wi/sj 


Table  2.  Parameters  Used  for  the  Explosive 


Parameter 

Value 

Experiment  used  for  calculation 

Ki 

53.3  kbar 

hydrostatic  compression  (inert) 

K2 

-278kbar 

hydrostatic  compression  (inert) 

Ka 

1.27 10^  kbar 

hydrostatic  compression  (inert) 

Kd 

100  kbar 

hydrostatic  compression  (inert) 

0.838  kbar 

quasi-static  uniaxial  compression  (inert) 

An 

1.610-^ 

dynamic  experiments  (expiosive) 

1 

1.006 

dynamic  experiments  (explosive) 

Cn 

1.6kbar'‘ 

same  as  Cy  by  hypothesis 

Yo 

17 

quasi-static  uniaxial  compression  (inert) 

Ay 

1.077 

dynamic  experiments  (explosive) 

m 

0.238 

quasi-static  uniaxial  compression  (inert) 

Cy 

1.6  kbar' 

quasi-static  triaxial  compression  (inert) 

B 

60 

quasi-static  triaxial  compression  (inert) 

a)  Shot  A/”  1038  h)  Shot  N°  1031 

Figure  3.  Experiment -Calculation  Comparison 
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Figure  4.  Two-Dimensional  Experiment 


a)  Explosive  Sample  Before  Loading  b)  Explosive  Sample  After  Loading 


Figure  5.  Micrographics  Views  Before  and  After  Loading 

velocity  impact  and  to  determine  the  condi-  2.  Cugnoux,  J.,  "Dynamic  Behavior  of  a 
tiona  of  initiation.  Filled  Polymer,"  Proceedings  of  Dymat 

m,  AJACCIO  Franco,  1988. 
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RESPONSE  OF  ROCKET  PROPELLANTS  TO  PROJECTILE  IMPACT 


S.  Y.Ho 

Weapons  Systems  Research  Laboratory 
Defence  Science  and  Technology  Organisation 
P.O.  Boa  1700»  SaUsbury«  South  AustraUat  5108,  AUSTRALIA 


Two  high  strain-rate  impact  testa  (modified  Hopkinson  Bar  and 
Shotgun  teats)  have  been  developed  to  measure  the  fracture  and  ignition 
properties  of  energetic  materials.  These  tests  are  useful  in  determining 
the  impact  and  ignition  sensitivity  of  energetic  materials  and  also  give 
an  insight  into  the  impact  ignition  mechanism.  Photographic  evidence 
of  the  events  prior  to  and  during  ignition  and  initial  burning  were 
obtained  by  microflash  photography. 


INTRODUCTION 

There  are  generally  two  response  modes 
to  impact  leading  to  detonation  of  energetic 
materials;  (1)  prompt  initiation  to  detonation 
which  is  induced  by  strong  shock  transmitted 
Into  the  sample,  and  (2)  delayed  initiation 
where  detonation  is  produced  by  weak  shock  or 
conditions/reactions  that  first  cause  Ignition 
follov  ed  by  deflagration  to  detonation  transi* 
tion  (DDT).  It  is  widely  accepted  that  the 
prompt  initiation  mechanism  is  reasonably 
well  understood.  However,  the  mechanisms  in 
the  delayed  reaction  mode  are  more  complex  as 
the  time  scales  are  longer,  and  the  events 
before  DDT  are  less  clear.  This  paper  presents 
results  from  two  high  strain-rate  impact  tests. 
These  results  give  some  insight  into  the 
sequence  of  events  in  the  pre-ignition  and 
initial  burning  regimes,  and  may  perhaps  be 
relevant  in  the  DDT  threshold  process  in  the 
delayed  initiation  mode. 

The  modified  Hopkinson  Bar  (used  in 
conjunction  with  light  detectors  and  blast 
pressure  gauges)  and  the  Shotgun  tests^"^  have 
been  developed  at  WSRL  to  determine  the  high 
strain-rate  fracture  and  ignition  properties  of  a 
variety  of  composite  and  cast  double  base 
propellants.  Both  tests  are  high  strain-rate 
(10^  to  10^  8'*)  impact  tests  measuring  the 
sensitivity  of  a  propellant  to  high  velocity 
impact,  and  can  be  used  to  investigate  the 


fracture,  ignition,  and  initial  burning  events. 
Detonation  does  not  occur  in  these  tests 
because  the  propellants  were  unconflned  and 
the  sample  sizes  were  small, 

The  modified  Hopkinson  Bar  test  consists 
of  a  moving  input  bar  (projectile)  which  is  fired 
at  a  specimen  fixed  to  a  stationary  output  bar 
(Figure  1).  A  fast  response  photodetector  and  a 
blast  pressure  pencil  gauge  are  used  in  copjunc* 
tion  with  the  Hopkinson  Bar  test  apparatus. 
High  strain-rate  mechanical  properties  of  the 
propellant,  ignition  time,  and  light  output  and 
blast  pressure  (as  a  result  of  ignition  andyor 
initial  burning)  can  be  measured  using  this 
technique,^ 

The  major  components  of  the  Shotgun  test 
are  a  shotgun,  a  target  assembly  (consisting  of 
a  target  plate  in  an  instrumented  tube),  a 
velocity  measuring  system,  light  detectors,  a 
blast  pressure  pencil  gauge,  and  strain  gauges 
to  measuru  applied  stresses  (Figure  2).  The 
test  sample  is  fired  from  the  shotgun  and 
Impinges  on  the  target  plate.  The  light  output 
and  blast  pressure,  as  a  result  of  ignition 
and/or  burning,  and  work  done  on  the  pro¬ 
pellant  prior  to  ignition  are  measured. 

The  two  techniques  used  are  based  on 
slightly  different  concepts.  In  the  Hopkinson 
bar  test  the  deformation  of  the  sample  is  by 
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Figure  2.  Schematic  Diagram  of  Shotgun  Teat 


compruBBiun  and  Bhour,  whoruuB  in  the  Shol({un 
lOBt  the  deformat  lun  in  mainly  by  ahoar,  Also, 
the  Impacl  velocity  used  in  the  Shotgun  lust  is 
approximately  ten  times  higher  than  Lhal  used 
in  the  llopkinson  liar  test.  However,  the 
kinetic  energy  It  ansrerred  to  the  propellant  on 


impact  in  the  llopkinson  Bar  test  is  only  2-3 
times  lower  than  that  fur  the  Shotgun  tost 
because  of  the  muss  of  the  projectile  used  to 
impact  the  propellant.  Hence,  assuming  that 
the  rate  of  energy  trunsl'or  and  the  distribution 
between  heat  and  kinetic  energy  are  similar 
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for  the  two  testa,  and  the  amount  of  energy 
that  is  delivered  to  the  propellant  on  impact  la 
the  important  factor  in  the  ignition  process, 
the  impact  ignition  mechanisms  for  the  two 
tests  would  not  bo  expected  to  be  very  diiTerent, 

This  study  presents  the  results  from  two 
high  strain-rate  impact  tests  that  provide  some 
insight  into  the  impact  ignition  mechanism. 
Microflash  photographic  studios  of  the  impact 
event  were  also  conducted  to  obtain  further 
information  on  the  fracture,  ignition,  and 
burning  processes. 

EXPKKIMKNTAL 

Materials 

The  composite  propellants  and  cast  double 
base  propellants  wore  made  by  standard  pro¬ 
cessing  techniques,  as  described  previously. 
The  processed  propellants  were  machined  into 
8  mm  diameter  x  8  mm  cylindrical  pellets  for 
the  ilopkinson  Bar  test,  and  17  mm  diameter  x 
20  mm  pellets  for  the  Shotgun  test. 

Meaiurements 

Hopkinion  Bar  Teat  Kor  the  ilopkinson 
Bar  teat,  the  specimens  were  fixed  to  the 
output  stationary  bar  (connected  to  strain 
gauges  to  measure  applied  loads)  by  grease.  A 
moving  input  bur  (projectile)  was  then  fired 
(using  a  ramset  gun)  at  the  specimen  which 
was  compressed  between  the  two  burs.  A  high 
sensitivity  photudeteclur  (5  pu  response  time) 
and  a  blast  pressure  pencil  gauge  were  used  in 
conjunction  with  the  Ilopkinson  Bar  to 
measure  the  ignition  and  explosive  properties 
of  the  propellants.  The  light  and  pressure 
resulting  from  sample  ignition  und/or  burning 
and  the  stress-strain  data  were  uullocted  using 
a  NICOLET  4094  four-channel  digital  oscillo¬ 
scope  and  a  IIP  9826  computer,  and  the  results 
analysed  as  previously  described. About 
8-10  specimens  were  tested  at  a  given  impact 
velocity  at  ambient  temperature.  Impact 
velocities  were  varied  from  6  to  30  ms  ’ . 

During  impact  it  was  possible  to  conduct 
single  photographs  of  the  compressed  specimens 
using  microflash  photography.  Thus,  it  is  neces¬ 
sary  to  impact  a  number  of  specimens  (under 
identical  impact  conditions)  to  photograph,  at 


various  times  during  the  load-time  mea¬ 
surements,  the  sequence  of  events  leading  to 
fracture  and  ignition.  The  experimental 
arrangement  for  photographing  the  impact 
event  Is  illustrated  in  Figure  3.  Photographic 
records  were  obtained  by  using  a  standard 
35  mm  camera  operated  in  the  open  flash  mode 
in  a  darkened  environment;  the  event  being 
manually  triggered  during  a  1  second  camera 
exposure.  The  flash  gun  was  a  multiple  head 
short  pulse  (flash  duration  of  0.6  ps)  photoflash 
system,  designed  for  ballistic  photography,  and 
equipped  with  a  variable  trigger  delay  of  4- 
1000  ps.  Flush  delay  intervals  of  60  ps  were 
used  to  obtain  photographs  at  various  times 
during  the  load-time  measurements.  Delay 
times  varied  from  400  ps  to  1  ms.  A  detailed 
description  of  the  microflash  photographic 
experiments  is  given  in  another  paper.** 


Figures.  Kxperimenlal  Arrangement  for  Micro- 
flash  Photography  During  Ilopkinson  Bar  Test 


Shotgun  Test.  P'or  the  Shotgun  test,  a 
12-gauge  shotgun  was  used  to  fire  pellets  of 
propellants  against  a  target  plate  in  a  tube 
instrumented  with  two  light  detectors.  A  blast 
pressure  pencil  gauge  is  mounted  on  a  lead 
block  and  placed  at  a  flxed  distance  from  the 
target  assembly.  About  60  specimens  were 
fired  over  a  velocity  range  of  120-600  ms'^  at 
ambient  temperature.  Projectile  velocities 
wore  varied  by  varying  the  amount  of  Rod  Dot 
smokeless  gunpowder  in  the  shotgun  shell,  prior 
to  firing.  A  Chronotach  was  used  to  calculate 
the  projectile  velocity.  Light  intensity  and 
blast  overpressure,  produced  by  ignition  and/or 
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burning,  were  collecled  using  u  NICOLET 
4094  four-channel  digital  oBcilluscope. 

RESULTS  AND  DISCUSSION 

Hopkinion  Bar  Teat 

The  load-time,  viaiblc  emiaaion  (A  =  360- 
1 100  nm  with  a  maximum  reaponae  at  800  nm), 
intenaity-timo,  and  blaat  proasuro-time  profiles 
(load,  light,  and  pressure  triggered  almultane- 
ously  on  the  oscilloscope)  of  a  typical  propellant 
are  shown  in  Figure  4(a).  Interpretation  of  the 
fracture  processes  that  occur  in  the  different 
regions  of  the  stress-strain  curves  (Figure  4(b)) 
and  of  the  ignition  data,  has  been  discussed  in 
detail  in  previous  papers, This  is  confirmed 
by  recent  microflash  photographic  studies^  of 
the  impact  ignition  event.  Figures  6(a)  to  (g) 
show  the  photographs  for  a  typical  composite 
propellant  taken  at  various  times  during  the 
load-time  mea*>uremonts.  The  vertical  line  on 
the  corresponding  load-time  Figure  6  (h)  curve 
indicates  when  the  photograph  was  taken.  The 
diamoter  of  the  spocimens  (10  mm)  used  for 
this  study  was  bigger  than  that  for  the  stan¬ 
dard  size  (8  mm ) ,  to  obtain  clearer  photographs. 

Figure  6(a)  was  taken  in  the  initial  linear 
"elastic"  region  of  the  stress-strain  curve,  and 
shows  compression  of  the  specimen  on  Impact 
by  the  moving  Input  bar  (projectile).  The 
initial  linear  region  of  the  stress-strain  curve 
is  only  a  pseudo  elastic  phenomenon,  since 
there  is  good  evidence  from  SEM  examina¬ 
tions  that  small  cracks  do  occur  in  the  sample 
during  this  portion  of  ihu  stress-strain  curve. ^ 

Figure  5(b)  shows  further  compression  of 
the  specimen.  This  occurs  in  the  post-yield 
"ductile"  region  of  the  stress-strain  curve. 
Viscoelastic/plastic  deformation,  further  crack 
propagation,  and  other  secondary  deformation 
mechanisms  contribute  to  this  portion  of  the 
curve. ^  The  specimen  Is  still  Intact  in  this 
region,  as  indicated  by  the  photograph. 

Figure  6(c)  shows  extonsivo  crushing  and 
bulging  of  the  propollant.  Big  cracks  and  some 
plastic  flow  are  also  visible. 

Figure  6(d)  shows  the  propellant  under¬ 
going  further  compression,  crushing,  and 
plastic  flow.  Some  fragmentation  of  the  propel¬ 
lant  is  also  visible.  The  first  signs  of  ignition 


urn  (ni) 


Figure  4(a).  Hopkineon  Bar  Test  -  Simul- 
taneous  Load-Time,  Displacement-Time,  Light 
Intensity-Time,  and  Pressure-Time  Profiles  for 
a  Typical  Propellant  at  the  Impact  Velocity 
18  ms'^ 


Figure  4(b).  Schematic  Stress-Strain  Curve,  at 
Impact  Velocity  20  mg  ',  Defining  the  Regions 
Where  the  Various  Fracture  Processes  Occur 

are  observed  around  cracks  and  at  the  specimen- 
projectile  interface  (region  of  maximum  shear). 
Plastic  deformation  and  flow  is  a  possible 
mechanism  fur  hot  spot  formation  and  subse¬ 
quent  Ignition.  It  Is  widely  beiieved^*^  that  the 
heat  dissipated  by  plastic  deformation/flow  is 
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localized  in  shear  bands  because  only  u  small 
temperature  rise  would  be  produced  if  the 
deformation  energy  was  uniformly  distributed, 
as  the  energy  is  dissipated  over  u  relatively 
large  volume  of  material  during  plastic  flow. 
In  the  present  work,  it  was  not  possible  to 
obsorve  whether  or  not  shear  bands  had  formed 
in  the  impacted  propellant  samples,  because 
they  were  fragmented  after  impact. 

Figure  6(e)  shows  further  crushing  of  the 
remaining  fragment  to  a  thin  layer,  plastic 
flow,  sample  breakup,  and  further  Ignition  and 
burning  of  the  propellant. 

Figure  6(0  shows  a  low  order  deflagration 
or  burning  and  the  structural  collapse  of  the 
remaining  fragment  under  compressive  stress 
(l.e.,  mechanical  failure  of  the  specimen  where 
the  stress  rapidly  drops  to  zero  with  increasing 
strain).  The  structural  collapse  of  the  sample 
is  not  associated  with  explosion  of  the  pro¬ 
pellant,  as  structural  collapse  is  also  observed 
in  Inert  propellants  where  explosion  does  not 
occur,  At  this  stage,  the  remaining  propellant 
appears  as  a  very  viscous  liquid  and  viscous 
flow  is  visible. 

Figure  6(g)  is  attributed  to  an  explosion, 
and  a  corresponding  increase  in  blast  pressure 
is  noted.  The  light  emitted  in  an  explosion 
appears  to  be  more  intense  and  of  shorter 
wavelength  than  that  emitted  in  ignition  and 
burning,  where  a  more  reddish  color  emission 
is  observed. 

The  results  clearly  show  that  ignition 
occurs  at  a  much  later  time  in  relation  to 
fracturo,  l.e.,  after  viscoclastic/plastic  deforma¬ 
tion,  extensive  crushing,  and  fragmentation  of 
the  propellant.  For  relatively  ductile  materials, 
such  as  the  composite  propellants,  the  photo¬ 
graphs  provide  clear  evidence  that  plastic  flow 
occurs  before  Ignition  (which  is  first  detected  in 
regions  of  maximum  shear,  i.e.,  the  specimen- 
projectile  interface).  These  results  support  the 
theory  that  plastic  deformation  and  shear 
induced  flow,  and  the  probable  localization  of 
energy  in  shear  bands  in  the  crystalline 
oxidizer  particles,  is  the  main  mechanism  for 
hot  spot  formation.  Cracks  and  voids  (formed 
by  dewetting  of  the  crystalline  oxidizer  parti¬ 
cles  from  the  polymer  matrix)  may  also  act  as 
sites  for  hot  spot  formation.  Fur  propellants 


which  exhibit  brittle  fracture  under  impact 
loading  at  high  strain-rates,  e.g.,  cast  double 
base  (NC/NQ)  propellants,  preliminary  photo¬ 
graphic  sequences  indicate  that  these  sam¬ 
ples  showed  comparatively  little  tendency  to 
undergo  plastic  flow.  Processes  involving 
friction,  such  as  pinching  or  grinding  of  the 
sample,  may  play  a  more  Important  role  in 
ignition  in  brittle  propellants  than  in  ductile 
propellants.  A  comparison  of  the  mechanism  of 
impact  ignition  of  brittle  propellants  with  that 
of  ductile  propellants  will  be  described  in 
greater  detail  elsewhere.^ 

Fracture  toughness  of  the  propellants  in 
the  initial  linear  "elastic”  and  post  yield 
"ductile”  regions  can  be  obtained  from  the  area 
under  regions  1  and  2  of  the  stress-strain  curve 
(Figure  4(b)).  The  stress-strain  curves  up  to 
region  2  are  reproducible  to  within  ±  30%.  The 
results  from  the  Hopklnson  Bar  test  can  be 
used  to  obtain  the  threshold  velocity  for 
ignition  (this  gives  an  indication  of  the  ease 
with  which  the  propellant  is  ignited)  and  the 
extent  of  the  reaction,  once  ignition  has 
occurred  (slope  of  the  light  intensity  vs.  impact 
velocity  plot).*'^  Previous  studies*’^  high¬ 
lighted  the  importance  of  mechanical  prop¬ 
erties  in  impact  ignition.  The  ease  with  which 
the  propellant  is  ignited  by  impact  is 
determined  to  a  large  extent  by  its  fracture 
toughness.  However,  the  extent  to  which 
propellant  burning  develops,  once  ignition  has 
taken  place  and  releases  enough  energy  to 
cause  ignition  to  continue,  is  governed  by 
several  interrelated  propellant  properties  such 
as  energy  content,  burning  rate,  thermal 
decomposition  and  kinetics,  etc.* 

Shotgun  Test 

The  visible  omission  intensity-time  and 
pressure-time  profiles  of  a  typical  propellant  at 
tow  projectile  velocity  are  shown  in  Figure  6(a). 
The  small  light  peak  in  the  visible  emission 
intensity-time  profile  corresponds  to  a  flash  or 
a  spark  (due  to  ignition)  observed  visually.  As 
the  impact  velocity  is  increased,  other  reactions 
(large  flash,  burning,  explosion,  and  violent 
explosion)  are  noted  The  visible  emission 
intensity-time  profile  changes  from  a  single 
peak  to  a  peak  and  a  bro.<id  region  of  high  light 
intensity  (Figure  6(b) |.  At  very  high  velocities 


1067 


the  small  peak  and  the  broad  light  signal 
merge  into  one  broad  region  of  high  light 
intensity  |  Figure  6(c)).  The  observed  light 
signals  are  assigned  to  (1)  Ignition  and  initial 
burning,  and  (2)  sustained  "steady-slate" 
burning  or  deflagration  [Figure  7(a) |.  The 
assigninonl  of  the  broad  light  signal  to  sus- 
tained  "steady estate”  burning  is  supported  by 
the  visual  observation  of  intense  burning 
whenever  the  broad  light  signal  is  recorded.  At 
very  high  velocities,  the  time  between  ignition 
and  sustained  burning  is  very  short  and  the 
two  light  signals  merge  (Figure  7(b)|.  A 
marked  increase  in  blast  pressure  is  also 
observed  and  explosion  is  noted.  When  an 
explosion  occurs,  the  reaction  is  very  rapid  ( ~*45 
ms  compared  to  650  ms  for  sustained  burning) 
and  the  measured  light  intensity  is  much  lower 
than  when  there  la  ignition  and  sustained 
burning.  The  low  level  of  light  intensity  that 
was  measured  during  an  explosion  may  be 
explained  by  a  shift  in  the  spectrum  of  the 
emitted  light  to  shorter  wavelengths;  i.e.,  most 
of  the  emitted  light  from  an  explosion  is  not 
detected  because  it  is  outside  the  range  of  the 
photodetector  used  in  this  study.  Some 
evidence  for  this  blue  shift  of  the  emission 
spectrum  comes  from  experiments  where  a 
blue  pass  niter  was  used  to  cut  off  light  in  the 


Figure  6.  Shotgun  Test  ■  Simultnneoua  lAght- 
Time  and  Prentiure-Time  Prordea  for  a  Typical 
Propellant  at  Various  Projectile  Velocities  (40 
ms  Time  Interval),  (a)  IHO  ms'\  (h)  260ms  \ 
(c)  370  ms'^ . 


Figure  7,  Shotgun  Test  -  Schematic  Diagrams 
of  Light  Output  vs,  Time,  at  Various  Velocities, 
Defining  the  Regions  Where  Ignition,  Initial 
Burning,  Sustained  Burning/ Deflagration,  and 
Explosion  Occur  (100  ms  Time  Interval) 

redynear  IR  region  of  the  emission  spectrum, 
When  the  fiiter  was  used,  the  light  intensity 
fur  ignition  and  sustained  burning  decreased 
by  a  factor  of  2-3  whereas  that  for  explosion 
remained  almost  the  same,  suggesting  that  the 
emitted  light  from  explosion  is  of  shorter 
wavelengths  than  that  from  Ignition  and 
sustained  burning. 

A  detailed  discussion  of  analysis  and 
interpretation  of  the  results  has  been  given  in 
a  previous  paper. A  typical  plot  of  total  area 
of  light  output  vs.  impact  velocity  is  shown  in 
Figure  8.  Results  for  Impact  velocities  whore 
there  is  an  explosion  arc  not  included  in  these 
plots.  The  total  area  of  light  output  vs.  impact 
velocity  plot  shows  that  the  light  output 
increases  almost  linearly  with  impact  velocity, 
and  then  increases  very  rapidly  above  a  certain 
velocity,  CV].  The  velocity  where  the  sudden 
increase  in  light  output  occurs  corresponds  to 
the  velocity  where  the  broad  light  signal  starts 
to  appear,  i.e.,  where  the  mechanism  changes 
from  ignition  and  initial  burning  to  sustained 
burning  or  deflagration. 

impact  ignition  characteristics  that  can 
be  obtained  from  the  Shotgun  lest  include; 

(1)  The  critical  impact  velocity  for 
ignition  and  initial  burning  (CV|) 
and  slope]  from  Figure  8,  and 
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Figure  8.  Shotgun  Test  •  Total  Area  of  Light 
Output  OH.  Impact  Velocity 


(2)  Tho  critical  impact  velocity  for  buh- 
tainod  burning/doflagration  (CV^) 
and  Blopoi2  from  Figure  8. 

The  critical  impact  velocity  for  ignition 
and  initial  burning,  CVi,  can  be  used  to  rank 
propellantB  according  to  their  uenBitiveneBB  to 
impact  ignition,  The  roBuitB  generally  show 
the  same  trends  aB  the  llopklnsun  Bar  test,  l.e., 
CVi  is  related  mainly  to  the  mechanical 
properties  of  the  propellant.^ 

The  critical  Impact  velocity  for  HUHlained 
burning/deflagratlon,  CVj,  appeara  to  be  re 
lated  to  several  factors.  These  Include  (1)  typo 
ofoxidiaer,  (2)  oxidizer  loading,  (3)  mechanical 
properties,  and  (4)  energy  content  of  the 
propellant.  The  extentof  the  innuence  of  those 
various  factors  on  CVa  is  not  clear, 

Similar  trends  are  observed  for  slopei  and 
slope2  of  the  total  area  of  light  output  vs. 
impact  velocity  plot.  They  give  an  indication  of 
tho  extent  to  which  propellant  burning  devel 
ops  at  velocities  above  the  critical  value.  These 
values  appear  to  be  related  primarily  to  the 
energy  content  (oxidizer  loading,  oxidizer  type, 
binder  type,  and  NQ  content)  and  burning  ratu 
(surface  area  available  for  burning,  otc.)  of  the 
propellant,* 

CONCLUSION 

The  impact  ignition  sonsitivltles  obtained 
from  tho  llopklnson  Bar  and  Shotgun  tests  are 
generally  comparable,  except  for  very  "soft” 


samples,  e.g,,  a  HTPB/AP  propellant  contain¬ 
ing  plasticizer.  This  may  be  explained  by  tho 
slightly  different  deformation  mechanisms.  In 
the  Hopkinson  Bar  test,  cracks  tend  to  close  up 
during  compression  and  the  specimens  appear 
tougher  than  what  they  would  be  under  shear 
deformation.  Samples  subjected  to  the 
Hopkinson  Bar  test  appear  to  behave  more 
viscoolastically  than  those  subjected  to  the 
Shotgun  test  and  are,  therefore,  more  sensitive 
to  the  eiTects  of  temperature  and  strain-rate. 
The  propellant  appears  more  brittle  in  the 
Shotgun  tost  because  of  tho  higher  strain-rate. 

Microflash  photography  has  been  used  to 
follow  the  sequence  of  events  leading  to 
fracture,  ignition  and  burning  In  energetic 
materials  during  impact  at  high  strain-rale.  It 
gave  further  insight  into  the  mechanism  of 
impact  ignition.  Fur  ductile  composite 
propellants,  fracture  and  plastic  deformation/ 
flow  wore  observed  before  ignition  (which  was 
first  detectod  at  the  propellant-projectile 
interface,  i.e.,  where  shear  was  maximum). 
These  experiments  also  gave  clear  evidence 
that  ignition  and  reaction  buildup  are  separate 
processes  in  energetic  materials  during 
impact. 
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CHARACTERIZATION  OP  BOOSTER-ROCKET 
PROPELLANTS  AND  THEIR  SIMULANTS 


LJ.Weirlok 

Sandia  National  Laboratoriei 
Albuquerque»  New  Mexico 


A  $eriei  of  shock4oading  experlmenti  on  a  composite  and  an  energetic 
propellant  and  their  simulants  was  conducted  on  a  light-gas  gun.  The 
initial  ohjectives  were  to  obtain  Hugoniot  data,  to  investigate  the 
pressure  threshold  at  which  a  reaction  occurs,  and  to  measure  spall 
threshold  at  various  impact  velocities,  The  Hugoniot  data  measured 
for  the  propellants  fit  the  Hugoniot  curves  provided  by  the  manu¬ 
facturer  of  the  propellants  extremely  well,  and  the  Hugoniot  curves 
developed  for  the  simulants  matched  those  of  the  propellants.  Thresh¬ 
old  pressures  to  initiate  reactions  in  the  composite  and  energetic 
propellants  were  found  to  be  40  and  3  kbars,  respectively.  In  spall  tests, 
the  composite  propellant  and  its  simulant  exhibited  spall  strengths 
around  0,25  and  0,18  kbar,  respectively.  The  energetic  propellant  and 
its  simulant  were  somewhat  stronger  with  spall  strengths  Just  above 
0,33  and  0,22  kbar, 


INTRODUCTION 

This  inveBtigtttion  was  begun  to  aid  in  the 
BtudioB  of  the  vulnerability  and  lethality  of 
■olid  propellant  booster  stages.  The  materials 
of  interest  are  a  composite  and  an  energetic 
propellant  and  their  simulants. 

The  shock  Hugoniot  of  a  material  is 
determined  when  the  relationship  between  the 
shock  and  particle  velocities  is  known.  This 
relationship  cun  bo  experimentally  detor^ 
mined  from  planar,  gun-impact  experiments 
and  can  generally  be  approximated  by  a  linear 
fit: 

U.  =  C„  +  SU^  (1) 

where  Uh  is  the  shock  velocity,  Co  is  the  initial 
bulk  sound  velocity,  S  is  a  constant,  and  Up  is 
the  particle  velocity. 

The  detonabillty  of  composite  propellants 
has  been  studied  since  their  Inception.  A 
recent  study  was  done  at  Lawrence  Livermore 
National  Laboratory  (LLNL)’  on  the  detona- 
bllity  of  a  composite  propellant.  Delayed 


explosions  were  observed  in  the  impact- 
damaged  propellant  at  impact  pressures  above 
30  kbar, 

The  sensitivity  and  power  of  energetic 
propellants  was  studied  in  the  1070'b  at 
LLNL.^  This  work,  together  with  investiga¬ 
tions  by  SRI  International  and  others,  was 
summarized  in  a  report  from  the  High  Energy 
Propellant  Safety  (HEPS)  Committee.^  More 
recently  a  study  was  done  at  LLNL  on  the 
detonabillty  of  energetic  propellants.^  They 
found  a  delayed  detonation  threshold  of 

6.2  kbar  and  a  shock  detonation  threshold  of 

13.2  kbar  for  the  most  energetic  of  these 
propellants. 

The  process  of  spallation  has  been  studied 
in  a  number  of  laboratories  with  a  view  to 
obtaining  the  criteria  for  dynamic  fracture  at 
high  stroBB  rate.  Tension  is  induced  within  a 
sample  by  allowing  a  stress  wave  to  reflect  as  a 
rarefaction  fVom  a  free  surface.  The  tension 
increases  by  interaction  of  the  rarefaction 
wave  with  the  primary  wave  until  a  critical 
value  is  reached  and  fracture  occurs.  The  fact 
that  the  free-surface  velocity  stops  dropping 


1060 


and  then  rises  ("spall  rebound  or  pullback")  is 
due  to  the  generation  of  compressive  waves  at 
the  spall  plane  that  increase  the  pressure.  The 
clearly  defined  onset  of  fracture  at  a  specific 
value  of  pullback  suggests  a  characteristic 
material  strength  which  corresponds  to  a 
damage  threshold  tension.  This  material 
property  is  referred  to  as  the  incipient  fracture 
strength  or  spall  strength,  o.  The  value  of  o 
may  be  approximately  related  to  the  observed 
pullback  by  considering  the  interaction  of  the 
reflected  wave  with  the  primary  wave 
assuming  a  perfect  reflection  at  the  ^ee  sur¬ 
face.*^  The  resultant  expression  is; 

0  =  1/2  (2) 

where  Co  is  the  initial  bulk  sound  velocity,  po 
is  the  material  density  and  Ap  is  the  measured 
pullback,  The  Incipient  fracture  is  understood 
in  material  terms  as  the  macroscopic  yield 
stress  necessary  fur  the  growth  of  internal 
voids  into  a  free  surface  or  spall  plane.  One 
method  of  observing  the  dolalls  of  the  com¬ 
plete  fbacture  history  has  been  free-surface 


velocity  measurements  using  a  laser  interfer¬ 
ometer.  SRI  Internationul  performed  dynamic 
fracture  experiments  on  energetic  propel¬ 
lants.^  They  observed  no  damage  for  impact 
stresses  up  to  1.4  kbar.  At  an  impact  stress  of 
1.58  kbar,  the  recovered  specimen  was 
fragmented,  and  at  6.3  kbar,  the  propellant 
burned. 

The  initial  objectives  of  this  study  are  to 
obtain  Hugoniot  data,  to  investigate  the 
pressure  threshold  at  which  a  reaction  occurs, 
and  to  measure  spall  damage  at  various  impact 
velocities. 

EXPERIMENTAL  PROCEDURE 

One  propellant,  TP-H1207C,  and  its 
simulant,  H-19,  are  of  composite  formulation 
and  the  other  propellant,  WAK-2,  and  its 
simulant,  UQS,  are  based  upon  energetic 
formulations,  as  given  in  Tables  1  and  2.*^ 
None  of  the  materials  have  any  significant 
porosity.  The  11-19  contains  large,  rectangular 
crystals  of  potassium  chloride  and  small, 
spherically-shaped  particles  of  metallic 


Table  I .  Composite  Formulations  and  Mechanical  Properties 


TP-H1207C 

H-19 

Composition 

(weight  %) 

-Fuel 

Aluminum 

\\ 

31,76 

-Oxidizer 

Ammonium  Perchlorate 

AP 

6,0 

■Inerts 

KCl 

61,5 

-Polymers 

Hydroxy-Terminated 

Polybutadione 

HTPB 

8,8 

•Curatives 

IPDl 

0,7 

-Plasticizer 

DOA 

2,0 

-Bonding  Agent 

Tepanol 

0,2 

-Processing  Aid 

ODI 

0,04 

-Cure  Catalyst 

TPB 

0,02 

Mechanical  f^roperties 

-Density  (g/cc) 

1,84 

1,89 

-Tensile  Strength  (psl/kbur) 

140,0/0,01 

114,0/0,008 

-Maximum  Elong,  (%) 

46,3 

32,0 

-Tensile  Modulus  (psi) 

637,0 

460,0 

Table  2.  Compoeite  Formulations  and  Mechanical  Properties 


WAK-2 

UGS 

Compoaition 

(weight  %) 

-Fuel 

Double-base  Propellant 
Aluminum 

DBP  19.7 

A1  6.0 

-Oxidiser 

HMX 

Ammonium  Perchlorate 

HMX  0.0 

AP  0.0 

•Inerts 

Na2S04  66.3 

-Polymers 

HDAP  9.0 

-Curatives 

NlOO  1.0 

-Processing  Aid 

HDI  0.04 

Meohanioal  Properties 
-Density  (g/cc) 

1.85 

1.86 

-Tensile  Strength  (psi/kbar) 

100.0/0.007 

168.0/0.011 

-Maximum  Elong.  (%) 

250.0 

60.0 

-Tensile  Modulus  (psl) 

450.0 

490.0 

aluminum.  Tho  matrix  which  binds  these 
eonatituents  together  is  a  hydroxy-terminated, 
polytbutadiene-polyurethane  polymer,  HTPB. 
The  TP-H1207C  propellant  formulation  is 
based  upon  ammonium  perchlorate  with 
aluminum  additions  and  bound  together  with 
the  HTPB. 

The  WAK-2  propellant  formulation  is 
based  upon  a  double-base  mix  of  nitrocellulose 
and  nitroglycerin.  It  also  contains  aluminum 
and  HMX.  Tho  UQS  simulant  contains  large, 
rectangular  crystals  of  sodium  sulphate  and 
email,  epherically-shaped  particles  of  alumi¬ 
num.  The  matrix  which  binds  these  constitu¬ 
ents  together  is  a  mix  of  diallyl  phthalte, 
HDAP,  and  the  double-base  propellant.  The 
"static”  mechanical  properties  of  these 
materials  are  also  given  in  Tables  1  and  2.  The 
tensile  strengths  of  these  materials  are  very 
low  (near  0.01  kbar)  with  moderate  elonga¬ 
tions  (50  percent).  Densities  near  1.86  g/cc  are 
typical  of  solid  rocket  booster  propellants. 

The  light-gas  gun  system  used  is 
described  in  detail  in  Reference  8.  Briefly,  the 
barrel  is  9  meters  long,  with  an  inside  diame¬ 
ter  of  63.4  mm.  The  breech  is  of  a  quick-acting, 


quick-change  design  with  two  inserts;  one 
termed  a  "wraparound”  for  low-velocity  shots 
utilizing  nitrogen  (below  0.6  km/s)  and  a 
second  called  a  "dual-diaphragm”  for  higher- 
velocity  shots  using  hoHum  (up  to  1.6  km/s  for 
projectiles  with  weights  below  0.2  kg). 

One  modern  technique  used  for  mea¬ 
surement  of  shock  phenomena  is  the  Velocity 
Interferometer  System  for  Any  Reflector 
(VISAR).®  A  "Push-Pull"  VISAR  method 
developed  by  Hemsing'®  and  used  in  these 
experiments  results  in  effective  cancellation  of 
self-light  from  a  reaction.  An  important 
variation  on  the  Push-Pull  VISAR  is  a  system 
which  has  an  extended  (that  is  166  cm  long) 
air-delay  leg  in  place  of  the  quartz-delay  leg. 
This  replacement  allows  the  accurate  measure¬ 
ment  of  particle  velocity  in  a  very-low  velocity 
regime,  that  is  below  0.1  km/s. 

ProjeotHes/'rargets  for  Hugoniot/Reaotion 
Threshold  Set-up 

A  6-cm  diameter  by  1.2-cm-thick  disc 
(50  g)  of  propellant/simulant  is  epoxied  to  the 
front  end  of  a  lightweight  (200  g)  nylon/foam 
projectile.  The  target  consists  of  a  6.2-cm 
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diameter  by  1.2-cm-lhick  disc  of  quartz  or 
lithium  fluoride  with  an  evaporated  layer  of 
aluminum  on  the  front  covered  by  a  0.6-mm- 
thick  quartz  (Dynasil  1000)  bufler  plate.  The 
laser  beam  comes  in  from  the  back  of  the  target 
end  is  reflected  off  the  back  surface  of  the 
mirror.  The  buffer  plate  smooths  the  spatial 
non-uniformities  in  the  wavefront  generated  at 
the  impact  Interface  and  generates  some  initial 
fringes  which  simplify  the  VISAR  data 
reduction. 

Projeotiles/Targets  for  Spall  Set*up 

A  5-cm  diameter  by  either  0.75-cm  or 
1.25-cm  thick  disc  of  propellant/simulant  is 
bonded  to  an  aluminum  ring  holder  on  the 
target  mount.  A  0.01-mm-thick  piece  of  alumi¬ 
num  foil  is  epoxied  with  urethane  cement  to 
the  back  side  of  the  propellant/simulant  disc  to 
function  us  a  reflecting  mirror  for  the  laser 
beam.  This  mirror  is  considered  a  *'free  sur¬ 
face.*’  The  projectiles  are  designed  for  maxi¬ 
mum  weight  (3.6  kg)  by  using  aluminum 
cylindrical  shells  to  contain  a  lead-shot/epoxy 
mix.  A  0.32’cm-thick  PMMA  disc  (low- 
impedance  impactor)  is  attached  to  a  6-mm 
long,  aluminum  standoff  ring  at  the  front  of 
the  projectile.  By  using  heavy  projectiles  and 
pressurizing  the  breech  with  nitrogen,  the 
best  control  for  very-low  projectile  velocities 
(0.0 1  km/sec)  can  bo  attained. 

RKSUl.TS 

Hugoniot  Curves 

TP-H1207C  Propellant  and  H19  Simu¬ 
lant.  Propellant  discs  were  impacted  at 
velocities  ranging  from  1.0  to  1.44  km/s 
(impact  pressures  from  41  to  66  kbars)  and  the 
resultant  particle  velocities  were  determined. 
Plotting  the  particle  velocities  versus  the 
stress  (impact  pressure)  gives  the  Hugoniot 
curve  for  this  propellant  as  shown  in  Figure  1. 
The  solid  curve  is  the  Hugoniot  calculated  from 
the  Hugoniot  parameters  provided  by  the 
manufacturer  of  the  propellant,  Morton- 
Thiokol.  Simulant  discs  wore  impacted  at 
velocities  ranging  from  0.61  to  1.37  km/s 
(impact  pressures  from  20  to  58  kbars)  and  the 
resultant  particle  velocities  were  determined. 


The  Hugoniot  curve  determined  for  H-19  is 
also  shown  in  Figure  1 . 

WAK-2  Propellant  and  UQS  Simulant 
Propellant  discs  were  impacted  at  velocities 
ranging  from  0.16  to  0.53  km/s  (impact 
pressures  from  6.2  to  22.0  kbars)  and  the 
resultant  particle  velocities  were  determined. 
The  Hugoniot  curve  for  this  propellant  is 
shown  in  Figure  2.  The  solid  curve  is  the 
Hugoniot  calculated  from  the  Hugoniot 
parameters  provided  by  the  manufacturer  of 
the  propellant,  Morton-Thiokol.  Simulant 
discs  were  impacted  at  velocities  ranging  from 
0.25  to  1.00  km/s  (impact  pressures  from  9.1  to 
43.8  kbars)  and  the  resultant  particle 


Figure  1 .  Ilugoniota  for  TP-H1207C  and  U-19 


Figure  2.  Hugoniots  for  WAK-2  and  UGS 
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velocitieB  were  determined.  The  Hugoniot 
curve  for  UQS  simulttnt  was  found  to  be  the 
same  as  that  for  the  propellant  WAK-2, 

Reaction  Thresholds 

When  a  material  which  does  not  subse¬ 
quently  react— such  as  a  simulant — is  impac¬ 
ted,  the  velocity  record  should  show  a  jump  at 
impact  to  the  equilibrium  particle  velocity  and 
then  remain  constant  with  time  until  release 
waves  from  side  walls  or  rear  surfaces  reach 
the  observation  point.  Figure  3  gives  the 
particle  velocity  versus  time  record  for  UQS 
impacting  quartz  at  0.63  mm/psec  (20.4  kbar 
impact  pressure).  The  particle  velocity  record 
for  lithium  fluorido  upon  being  impacted  by 
WAK-2  at  0.63  mm/psec  (22.0  kbar  impact 
pressure)  is  also  shown  in  Figure  3.  At  impact, 
the  particle  velocity  of  the  quartz  jumped  to 
approximately  0.156  mm/psec  and  remained 
essentially  constant  for  3.6  psec.  At  3.5  psec 
after  impact,  the  velocity  begins  to  steadily 
Increase,  indicating  the  initiation  of  a  reaction 
within  the  WAK-2  propellant.  Post-test 
observation  of  the  test  hardware  indicated  that 
a  violent  reaction  had  occurred.  The  propel¬ 
lant  had  completely  reacted  and  no  remnant 
traces  were  recovered. 

Figure  3  also  shows  the  particle  velocity 
versus  time  record  fur  WAK-2  impacting 
lithium  fluoride  at  9.1  and  6.3  kbar,  respec¬ 
tively.  Post-test  observation  of  the  test  at 
9.1  kbar  confirmed  that  a  reaction  had 


occurred.  The  target  holder  and  associated 
hardware  were  fragmented  and  no  remnants  of 
propellant  remained.  The  test  at  an  impact 
pressure  of  6.2  kbar  produced  an  interesting 
result,  also  shown  in  Figure  3.  The  particle 
velocity  jumped  to  0.037  mm/psec  and 
remained  constant  for  3.3  psec,  at  which  time  a 
reaction  began  and  the  particle  velocity 
increased,  a  pattern  analogous  to  the  other 
WAK-2  tests,  However,  after  3.3  psec  of  reac¬ 
tion  time,  the  reaction  ceased.  Post-test 
observation  of  the  test  hardware  gave  no 
evidence  of  a  reaction  in  that  the  target  holder 
and  focusing  lens  were  found  intact  and  the 
propellant  was  found  to  be  mechanically 
damaged  but  unreacted. 

Figure  4  gives  the  particle  velocity  versus 
time  record  for  H-19  impacting  quartz  at 
40  kbar  impact  pressure,  a  typical  record  for  a 
non-reacting  material.  The  particle  velocity 
record  for  quartz  upon  being  impacted  by 
TP-H1207C  at  41  kbar  impact  pressure  is  also 
shown  in  Figure  4.  At  impact,  the  particle 
velocity  of  the  quartz  jumped  to  approximately 
0.36  mm/psec  and  remained  essentially 
constant  for  2.0  psec.  At  2.0  psec  after  impact, 
the  velocity  begins  to  steadily  increase, 
indicating  the  initiation  of  a  reaction  within 
the  TP-H1207C  propellant.  A  violent  reaction 
was  not  observed  for  this  test,  in  that  the 
target  holder  and  focusing  lens  were  recovered 
in  an  intact  condition.  However,  the 
propellant  hud  completely  reacted  and  no 
remnant  traces  were  recovered.  Similar 


Figure  3.  Reaction  Profiles  for  WAK-2  and  Figured.  HeactionProfilesforTP-H1207C and 
UGS  H-19 
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reRults  were  found  for  shots  at  higher  impact 
stresses,  but  with  more  violent  reactions 
observed,  particularly  at  impact  pressures 
above  60  kbar. 

Spall  Strength 

H>19.  Spall  shots  were  done  on  H-19  at 
impact  pressures  from  0.16  to  2.76  kbars,  with 
projectile  velocities  of  10  to  147  mysec,  respec¬ 
tively.  An  example  of  the  resultant  particle 
velocity  versus  time  plot  for  H- 10  impacted  by 
PMMA  is  shown  in  Figure  6.  This  example  is 
for  an  impact  pressure  of  1.6  kbar,  corre¬ 
sponding  to  a  projectile  velocity  of  88  m/sec. 
The  spall  strength  for  H-19  calculated  for  this 
shot  using  Equation  (2)  with  velocity  pullback 
of  0.008  mm/psec,  density  of  1.89  g/cc,  and 
sound  velocity  of  2.26  mm/psec,  producing  a 
spall  strength  of  0.176  kbar  (2640  psi).  The 
results  for  this  set  of  spall  tests  on  H-19  are 
tabulated  in  Table  3. 

Figure  6  shows  the  H-19  samples  after 
the  spall  shots.  The  spall  planes  are  readily 
visible  in  most  of  the  samples.  However,  the 
samples  impacted  at  10  m/sec  (0.18  kbar)  and 
36  m/sec  (0.65  kbar),  respectively,  do  not  show 
obvious  spall  planes.  The  sample  impacted  at 
10  m/sec  did  not  spall,  according  to  the  VISAR 
record,  which  agrees  with  the  visual  evidence. 
The  VISAR  record  for  the  sumple  impacted  at 
36  nVsec  indicated  that  the  sumple  had  spalled. 
The  photograph  does  not  show  a  spall  plane. 
However,  an  SEM  analysis  at  higher  magni¬ 
fication  (150X)  done  in  the  center  of  the 


H-19  1.6  kbir 


Figures.  Spall  Profile  for  II ‘1 9 


Tables.  Spall  Results  for  H -19  Simulant 


Projectile 

Velocity 

Measured 

(m/sec) 

Impact 

Stress 

Calculated 

(kbar) 

Spall 

Strength 

Measured 

(kbar) 

10 

0.178 

No  Spall 

36 

0.646 

0.180 

88 

1.609 

0.176 

101 

1.866 

0.132 

no 

2.028 

0.164 

147 

2.746 

0.132 

impacted  sample  showed  a  discontinuous 
cracking  along  the  potential  spall  plane. 

TP*Hi907C.  Spall  shots  were  done  on 
TP-H1207C  at  impact  pressures  firom  0.63  to 
2.7  kbars.  These  results  are  given  in  Table  4. 
A  representative  value  for  spall  strength  for 
TP-H1207CiB  0.22  kbar. 

UG8  and  WAK-2.  Spall  shots  wore  done 
on  UQS  at  impact  pressures  from  1.1  to 
3.1  kbars  and  on  WAK-2  at  impact  pressures 
from  1.36  to  3.03  kbars,  respectively.  The 
results  for  these  sets  of  spall  tests  ore  tabu¬ 
lated  in  Tables  6  and  6.  The  data  in  Table  6 


Figures.  11-19  Spall  Samples 
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Table  4.  Spall  Remlte  for  TP-H1207C 
Propellant 


Projectile 

Impact 

Spall 

Velocity 

Stress 

Strength 

Measured 

Calculated 

Measured 

(m/sec) 

(kbar) 

(kbar) 

35 

0.63 

0.165 

61 

1,11 

0.209 

72 

1,31 

0.247 

108 

1.99 

0.083* 

144 

2.69 

0.209 

*  Post  spall  curve  loaded  up,  not  unloaded;  bad 
shot? 


Table  5.  Spall  Heeulte  for  UOS  Simulant 


Projectile 

Impact 

Spall 

Velocity 

Stress 

Strength 

Measured 

Calculated* 

Measured 

(m/sec) 

(kbar) 

(kbar) 

62 

Ml 

0.224 

132 

2.42 

0.214 

167 

3.10 

0.306# 

*  WAK-2:PMMA 

#  best  estimate 


Table  6.  Spall  Reeults  for  WAK -2  Propellant 


Projectile 

Impact 

Spall 

Velocity 

Stress 

Strength 

Measured 

Calculated* 

Measured 

(m/sec) 

(kbar) 

(kbar) 

76 

1.36 

0.346 

116 

2.10 

0.316 

163 

3.03 

Reacted# 

*  WAK-2;PMMA 

#  trigger  pin  mairunctiuned 


also  indicates  that  a  WAK-2  sample  reacted 
upon  being  impacted  by  PMMA  at  3  kbar.  This 
resuit  is  to  be  compared  with  the  result 
obtained  In  the  reaction  threshold  tests  where 
a  WAK-2  sample  impacted  at  the  same  velocity 
(0.15  mm/psec),  but  onto  lithium  fluoride,  to 
produce  a  higher  impact  stress  (5.2  kbar), 
reacted  briefly,  and  then  stopped. 

DISCUSSION 

Hugonlot  Measurements 

The  impact  shots  of  TP-H1207C  pro¬ 
pellant  resulted  in  Hugoniot  data  which 
agreed  very  well  with  that  supplied  by  the 
manufacturer,  Morton-Thiokol.  Using  the 
values  for  density  p  =  1,84  g/cc  and  initial 
bulk  sound  velocity  Cy  -  2,3  mm/psec,  the 
coefficient  S  can  be  calculated  from  the 
Hugonlot  curve  and  Equation  (1),  The  value  of 
S  for  TP-H1207C  was  calculated  to  be  2.16. 
The  Impact  shots  of  H-19  simulant  resulted  in 
Hugoniot  data  which  were  close  to  that  of 
TP-H1207C,  particularly  at  low  impact  pres¬ 
sures.  The  values  for  the  H-16  simulant  were 
1.89  g/cc,  2.25  mm/psec,  and  1,5,  respectively. 
Thus,  the  H-19  Is  acting  as  a  good  simulant  for 
TP-H1207C  propellant  with  respect  to  shock 
properties,  particularly  at  lower  input 
pressures. 

The  impact  shots  of  WAK-2  propellant 
resulted  in  Hugoniot  data  which  agreed  very 
well  with  that  supplied  by  the  manufacturer, 
Morton-Thiokol.  Using  the  values  for  density 
p  =  1.85  g/cc,  initial  bulk  sound  velocity  Cy  - 
2.2  mm/psec,  and  coefflcient  S  =  2.66,  provides 
an  accurate  Hugonlot  relation  for  this  material 
for  modeling.  The  Impact  shots  of  UQS 
simulant  resulted  In  Hugoniot  data  which  was 
the  same  as  that  of  WAK-2  for  the  range  of 
pressures  investigated.  Thus,  the  UQS  is 
acting  as  a  good  simulant  for  WAK-2  pro¬ 
pellant  with  respect  to  shock  properties, 
particularly  at  lower  input  pressures. 

Reaction  Threshold  Measurements 

The  reaction  threshold  pressure  for 
WAK-2  propellant  was  found  to  be  approxi¬ 
mately  3  kbar,  for  the  material  dimensions  and 
physical  constraints  of  these  tests.  This  reac¬ 
tion  threshold  pressure  is  in  agreement  in 
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magnitude  with  values  reported  in  the 
literature  for  energetic  propellants.  The  study 
done  at  SRI  International^  on  VRA  propellant 
found  that  an  impact  pressure  of  6,3  kbar 
caused  the  propellant  to  burn.  The  sample  sise 
was  60.8-mm  diameter  by  6.4<mm-thick,  Thus, 
a  threshold  value  for  WAK-2  of  3  kbar, 
particularly  for  the  larger  size  (50.8-mm 
diameter  by  12.7-mm-thick),  is  in  good 
agreement  with  results  from  SRI  experiments. 

Experiments  done  at  LLNL^  on  VXV,  an 
energetic  propellant  analogous  to  WAK-2, 
found  that  for  samples  of  dimensions  162-mm 
diameter  by  102-mm  long  an  impact  of  8.4  kbar 
produced  a  mild  reaction  and  an  impact  of 
8,6  kbar  caused  a  detonation  after  a  201  ps 
delay.  Smaller  samples  (76-mm  diameter  by 
76-mm  long)  needed  higher-pressure  impacts 
to  produce  reactions  and  detonations.  The 
sample  hit  at  10.1  kbar  burned  at  a  moderate 
rate  whereas  the  one  impacted  at  10,2  kbar 
detonated.  Since  the  obijeotive  of  the  LLNL 
study  was  primarily  to  determine  the  impact 
pressure  at  which  a  delayed  detonation 
occurred,  they  did  not  investigate  the  lowest 
pressure  at  which  a  reaction  was  initiated, 
However,  their  findings  that  impact  at  8  and 
lOkbars  produce  reactions  and  detonations 
that  agree  with  the  results  from  this  study, 
where  a  9  kbar  Impact  produced  a  complete 
sample  burn  and  a  22  kbar  impact  produced  a 
violent  reaction  (detonation?). 

The  reaction  threshold  pressure  for 
TP-H1207C  propellant  was  found  to  be 
approximately  40  kbar  for  the  material 
dimensions  and  physical  constraints  of  these 
tests.  Increasing  the  Impact  pressure  above 
this  threshold  decreased  the  reaction  delay 
time  and  increased  the  reaction  rate  or 
reaction  intensity.  These  reaction  threshold 
pressures  agree  in  magnitude  with  values 
reported  in  the  literature  for  composite  propel¬ 
lants,  those  being  near  60  kbar.  Experiments 
done  at  LLNL*  on  TIMM  123,  a  composite 
propellant  analogous  to  TF-H1207C,  found 
that  for  samples  of  dimensions  162-mm 
diameter  by  102-mm  long  an  impact  of  17  kbar 
produced  mild  burning  and  an  impact  of 
36  kbar  caused  a  moderate  burn.  Larger 
samples  (162-mm  diameter  by  366-mm  long) 
reacted  more  vigorously  at  lower-pressure 


Impacts.  The  sample  hit  at  24  kbar  burned  at  a 
moderate  rate  whereas  the  one  impacted  at 
33  kbar  reacted  violently.  Thus,  a  threshold 
value  for  TP-H1207C  of  40  kbar,  particularly 
fur  the  smaller  size  (60.8-mm  diameter  by 
12.7-mm  long),  is  in  good  agreement  with 
results  from  past  experiments^ 

Although  these  reaction  threshold 
pressures  measured  in  the  two  studies  agree  in 
magnitude  for  the  various  sample  sizes,  there 
is  a  disagreement  on  when  the  reaction  occurs. 
The  study  done  at  LLNL  indicated  that  a 
reaction  did  not  begin  upon  passage  of  the 
shock  wave  through  the  propellant,  but  a  latter 
explosion  occurred  upon  impact  of  the  shock- 
damaged  propellant.  VISAR  data  taken 
during  the  presently  discussed  study  showed 
the  beginning  of  a  reaction  within  two  micro¬ 
seconds  after  the  shock  Jump,  Additional  study 
of  this  phenomenon  is  necessary  to  address  this 
difference. 

Spall  Strength  Measurements 

The  spall  strengths  of  most  materials 
(plastics,  metals,  ceramics,  and  explosives) 
increase  with  increasing  strain  rate.  Typi¬ 
cally,  the  spall  strength  of  a  material  increases 
fVom  twofold  to  tenfold  with  an  increase  in 
strain  rate  from  "static"  (10‘^  s‘*)  to  "dynamic," 
greater  than  10^^  s'*.  The  spall  strength  of 
the  H-19  simulant  in  this  study  increosed  from 
a  static  value  of  just  above  0.008  kbar  (114  psi) 
to  about  0.176  kbar  (2640  psi)  under  shock 
loading.  The  strengths  of  the  individual 
constituents  of  H-IO  are  all  above  those  of  the 
H-19  composite.  Therefore,  the  resultant 
strength  of  H-19  is  not  an  average  of  the 
strengths  of  the  individual  constituents 
proportional  to  their  percentage  within  the 
composite.  The  magnitude  of  the  relative 
strength  values  suggest  that  the  strength  of 
H-19  is  a  result  of  fracture  of  one  or  more 
materials  in  the  composite  and  separation 
between  boundaries  of  other  constituents  of  the 
composite  along  the  fracture  plane.  One 
possibility  for  fracture  takes  into  account  the 
very  weak  bonding  between  the  urethane 
binder  and  potassium  chloride  and  aluminum 
particles.  In  this  fracture  hypothesis,  the  crack 
propagates  along  the  KCI-urethane  and  Al- 
urethane  boundaries  causing  a  separation  at 
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these  locutions  and  then  propagates  across  the 
urethane  along  the  fracture  plane.  This 
phenomenon  is  called  "dewetting”  and  occurs 
in  all  composite  solid  propellants  to  some 
extent  when  a  load  is  applied, The  relative 
motion  of  particles  embedded  in  the  matrix 
produces  sufficiently  high  stresses  near  tho 
binder-fliler  interfaces  to  cause  rupture,  and 
the  binder>flller  bonds  may  be  pulled  loose.  As 
dewetting  takes  place,  the  reinforcing  elTecls  of 
the  filler  are  reduced,  and  a  decreasing 
modulus  of  elasticity  results.  Any  continued 
deformation,  such  us  tearing,  is  sustained  by 
the  binder  until  the  sample  breaks  or  spalls. 

Examination  of  a  fracture  in  11-19 
confirmed  this  second  hypothesis.  Tho  fracture 
runs  alongside  of  the  KCl  crystals  and  A1 
spheres,  thus  at  the  bond  pianos  between  them 
and  tho  urethane,  and  through  the  connecting 
urethane.  The  fracture  strength  is  reflected  in 
tho  stress  needed  to  fracture  the  proportion  of 
urethane  binder  between  solid  flltors,  the  KCl 
crystals  and  A1  particles.  This  "line  density" 
for  urethane  is  approximately  equal  to  the 
volume  percentage  of  urethane  in  the  com¬ 
posite,  approximately  18,7porount,  Multi¬ 
plying  this  percentage,  0.187,  times  the 
measured  spall  strength  of  urethane,  0.91  kbar 
(13110  psi),  results  in  a  value  of  0.17  kbar 
(246Spsi)  which  is  In  very  good  agreement 
with  tho  spall  strength  measured  for  H-19, 
0.176  kbar  (2640  psl). 

Similar  rosults  have  been  found  for  the 
TP-11 1207C  propellant.  The  tensile  strength 
was  reported  to  be  near  0.01  kbar  (140  psi). ^ 
The  spall  strength  was  found  to  be  0.26  kbar 
(3625  psi).  The  same  arguments  can  be  used 
for  the  fracture  of  TP-iI1207C  as  were  used  for 
the  fracture  of  11-19.  Tho  spall  strength  is  a 
result  of  the  fracture  of  the  ilTPB  urethane 
and  the  strength  is  approximately  proportional 
to  tho  volume  percentage  of  binder  material  In 
the  propellant. 

hoe  ot  al.*'^  reported  spall  data  for  tho 
propellant  ANB-3600.  ANil-3600  is  an 

ammonium  pochlorate-based,  composite  pro¬ 
pellant.  They  found  that  it  took  an  impact  of 
1.8  kbar  to  see  incipient  spall  and  2.0  kbar  for 
detachment.  Those  values  agree  very  well 
with  those  reported  for  this  work  in  Table  3  for 
TP-111207C  and  Table  4  for  II  19,  Impact 


stresses  over  1.3  kbar  were  needed  to  observe 
the  spall  fracture.  However,  this  work  has 
shown  that  spall  strengths  Inferred  in  this 
manner  are  an  order  of  magnitude  too  high. 
First,  incipient  spall  can  be  seen  in  samples 
impacted  at  low  pressures  if  a  microscope 
(100X)  is  used  for  observation.  Second,  if  a 
free-surface  velocity  measurement  is  done  to 
obtain  the  value  for  pullback,  a  value  for  spall 
strength  is  obtained  which  is  an  order  of 
magnitude  lower  than  that  obtained  by  visual 
observation  of  spall  detachment.  Also,  these 
values  of  spall  calculated  from  the  pullback 
measurements  are  closer  to  values  estimated 
ft'om  static  tensile  strengths.  In  addition,  the 
impact  stress  is  not  the  same  as  the  tensile 
stress  experienced  at  the  locution  of  spall, 
which  is  the  cause  of  failure.  The  pullback 
signal  is  a  true  measure  of  this  tensile  stress. 
Therefore,  Incipient  spall  strengths  of  these 
composite  propellants  and  their  simulants  In 
the  range  of  0, 1 76  to  0.26  kbar  are  good  values 
to  use  in  numerical  modeling. 

Thu  spall  strength  of  the  LJQS  simulant  in 
this  study  increased  from  a  static  value  of  Just 
above  0.0)1  kbar  (168  psi)  to  about  0.22  kbar 
(3200  psl)  under  shock  loading,  The  fracture  in 
DOS  is  similar  to  that  discussed  in  11-19,  The 
fracture  runs  alongside  of  the  NaSOs  crystals 
and  A1  spheres,  thus  at  the  bond  planes 
between  them  and  the  polymers,  and  through 
the  connecting  polymers.  The  fracture 
strength  is  reflected  in  the  stress  needed  to 
fracture  the  proportion  of  polymer  binder 
between  solid  fillers,  the  NaS04  crystals  and 
Al  particles.  Similar  results  have  been  found 
for  the  WAK-2  propellant.  Tho  tensile 
strength  was  reported  to  be  near  0.007  kbar 
(100  psl).’^  The  spall  strength  was  found  to  be 
0.33  kbar  (4786).  The  spall  strength  is  a  result 
of  the  fracture  of  the  double-base  propellant 
and  the  strength  is  approximately  proportional 
to  the  volume  percentage  of  polymer  material 
in  the  propellant, 

In  addition,  it  was  found  at  SRI  on  studies 
of  VRA^  that  the  dynamic  tensile  strength  was 
near  0.1  kbar  (1600  pel),  a  factor  of  fifteen 
higher  than  the  static  tensile  strength,  There¬ 
fore,  a  spall  Rlrungth  of  0.33  kbar  measured  on 
u  similur  prepullunl  is  in  good  ugreument  with 
these  tensile  strength  values. 
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Results  ft'om  the  SRI  study  also  indicated 
that  an  impact  stress  of  near  l.Skbar  was 
necessary  to  produce  a  visible  spall  plane  in  a 
sample.  This  result  agrees  with  results  ft'om 
this  study.  However,  this  study  has  demon¬ 
strated  that  a  spall  plane  may  form  in  the 
sample  at  lower  impact  stresses,  but  that  it  is 
necessary  to  use  a  microscope  at  lOOX  to  see 
the  iVacture.  In  addition,  the  value  of  spall 
strength  is  more  properly  calculated  from 
**pullbaok**  measurements,  and  these  values 
are  at  least  a  factor  of  Hve  lower  than  the 
values  obtained  from  visible  fracture  at 
threshold  impact  stresses. 

Finally,  observations  on  the  fracture 
morphology  of  VRA  propellant  at  SRI^  showed 
that  fracture  was  initiating  both  within  HMX 
grains  and  at  the  HMX-matrlx  interface  and 
then  propagating  across  the  double-base  pro¬ 
pellant  matrix.  This  result  agrees  with  the 
observations  of  this  study.  The  spall  strength 
is  primarily  a  result  of  fracture  across  the 
double-base  propellant  matrix. 

The  spall  strengths  measured  for  the 
energetic  propellant,  WAK-2,  and  its  simulant, 
UQS,  in  this  study,  0.33  and  0.22  kbar, 
respectively,  are  somewhat  higher  than  those 
found  for  the  composite  propellant,  TF- 
H1207C,  and  its  simulant,  H-10,  0.26,  and 
0.18  kbar,  respectively,  in  the  previous  study. 
All  of  the  materials  had  similar  fracture 
characteristics  and  the  spall  strengths  were  in 
the  same  strength  range. 
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Th*  Mtudy  ofthtrnud  ignition  and  eombiuiion  propagation  is  ons  ofths 
main  topics  involved  in  explosive  safety,  We  present  the  experimental 
studies  performed  in  our  laboratories  to  examine  this  kind  of  pheno¬ 
mena.  These  thermal  tests  allow  us  to  develop  models  and  codes  which 
can  be  applied  to  the  analysis  of  the  safety  of  explosive  structures  sub¬ 
mitted  to  thermal  loading. 


INTRODUCTION 

Tha  axparimantal  Invaatlgation  and 
numarieal  ■Imulation  of  tha  tharmal  igni* 
tion  of  tha  axploaivaa  and  aubiaquant 
phanoxnana  ara  naeaaiary  in  tha  aiMaamant 
of  tha  haxard  and  vulnarability  of 
munitioni, 

Whait  aubmlttad  to  thermal  loading,  low 
aaniitivity  axploalvaa  Ilka  TATB  bated,  or 
mixed  HMX'TATB  oompoaitiona  can  exhibit 
alow  rata  decompoaltion  raactiona  charaotaria- 
tic  of  tha  combuation  prooaaa. 

Tha  analyaia  of  thia  raactional  acheme 
needa  to  take  into  account  two  phenomena: 

-  thermal  Ignition, 

<  combuation  propagation. 

Ail  oompoaitiona  mentioned  in  thia  paper 
ara  about  96  percent  exploaive  and  6  percent 
inert  binder  in  volume. 

EXPERIMENTAL  STUDY 

Tharmal  Ignition 

The  One-Dimenaional  Time  to  Explo- 
aion  (ODTX)  teat  developed  at  the  Law¬ 
rence  Livermore  National  Laboratory  la 
of  great  Intereat.*  A  detailed  deacrlption  of 
our  experimental  setup  is  given  in  Refer¬ 
ence  2. 


A  apharical  exploaive  aample  la  heavily 
confined  between  two  ataal  anvllii  regulated  to 
tha  teat  tamparatura  (aaa  Figurii  1).  What  ia 
maaaurad  ia  tha  time  to  obtain  a  aignifleant 
raaotlon,  (typically  tha  breakup  of  the 
aaaambly)  and  tha  evolution  of  the  decompoal- 
Uong^aapreaaure. 

ANVIl  .  -JL 

HEATINGS 


Figure  t.  ODTX  Test-Experimental  Setup 

For  a  given  explosive  or  composition,  the 
ODTX  teat  allowa  the  determination  of  the 
following: 

-  The  relationship  between  the  time  to 
explosion  (t)  and  the  test  temperature 
(T). 
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‘  The  critical  temperature  below  which 
no  reaction  occurs. 

As  an  example,  the  results  obtained  with  a 
TATB  (T2)  and  a  mixed  TATB-HMX  (TXl) 
explosive  compositions  are  presented  in 


Figun  2,  ODTX  Experimental  ReeuUe 


This  plot  exhibits  the  following  results: 

1.  The  mixed  composition  is  much 
more  sensitive  than  the  TATB  one.  In  fact,  we 
veriAed  that  a  pure  HMX  composition  would 
give  essentially  the  same  results  as  the  mixed 
one  from  which  we  can  infer  that  HMX  deter¬ 
mines  the  step  at  which  the  reaction  begins. 
However,  HMX  compositions  develop  more 
violent  and  damaging  reactions  than  mixed 
compositions,  which  shows  the  interest  of  these 
for  explosive  safety. 

2.  The  log  (t)  s  f  (1/T)  curves  are 
composed  of  three  parts  (I,  II,  III): 

•  (1)  The  test  temperature  is  closed  to 
the  critical  temperature  and  time  to 
explosion  becomes  very  long. 

-  (11)  At  these  intermediate  tempera¬ 
tures,  the  explosive  samples  roach 
thermal  equilibrium  and  the  reaction 
develops  at  the  center  of  the  sphere 
according  to  a  cook  off  phenomenon  (as 
shown  by  computationo--see  the 
Thermal  Ignition  section  under 
"Numerical  Simulations  and  Com¬ 
parisons  to  Experimental  Results"). 

-  (Ill)  The  temperatures  are  high.  The 
samples  do  not  reach  thermal  equili¬ 


brium  and  the  reaction  develops  on  the 
sphere  boundary. 

These  different  (and  somewhat  complex) 
behaviors  between  high  and  low  test  tempera¬ 
tures  show  that  kinetics  parameters  cannot  be 
deduced  simply  ftrom  these  plots.  Especially, 
activation  energy  for  seroth  order  Arrhenius 
kinetics  cannot  be  directly  determined  from 
the  linear  part  of  the  curves  because  con¬ 
duction  effects  are  of  great  importance  in  this 
range  of  test  temperatures. 

3.  The  critical  temperature  is  about 
230*C  for  the  TATB  composition  and  about 
180*C  for  the  mixed  one. 

However,  these  results  are  useful  to 
compare  the  thermal  sensitivity  of  different 
explosives  and  to  test  the  validity  of  the 
kinetics  of  decomposition  used  in  the 
numerical  simulations.  This  latter  point 
is  one  of  the  main  interests  uf  the  OUTX 
test. 

In  order  to  analyse  the  behavior  of 
explosives  when  submitted  to  dynamic 
Uiermal  loading,  we  have  modllled  the  ODTX 
apparatus  to  perform  another  kind  of 
experiment  where  the  temperature  rises 
with  time  all  along  the  test  at  a  given 
rate. 

Another  dynamic  thermal  loading  experi¬ 
ment  is  the  induction  test  where  a  cylindrical 
explosive  sample  is  brought  into  contact  with  a 
heating  plate,  the  temperature  of  which  rises 
linearly  with  time  (see  Figure  3).  Intermediate 
materials  can  be  put  between  the  heating  plate 
end  the  explosive  sample  to  simulate  pyro¬ 
technic  structures.  We  measure  the  time  to 
explosion  and  the  temperature  as  a  function  of 
time  at  different  depths  in  the  explosive, 
sample. 

These  tests  are  usefbl  for  explosive 
safety  studies  and  for  the  validation  of  the 
kinetics  of  decomposition  used  in  numerical 
simulations  by  comparing  experimental 
results  and  computations. 

The  temperature  rise  rate  can  be  adijusted 
to  simulate  accidental  environmental  con¬ 
ditions  (e.g.,  wild-flros,  etc.)  and  to  study  the 
behavior  of  the  explosive  under  these  condi¬ 
tions. 
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Figure  3,  induction  Tim  Test  Experimental 
Setup 
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Figure  4,  Induction  Teet— Experimental 
Reaulte 

The  results  obtained  for  an  HMX  compo¬ 
sition  XI  and  a  temperature  rise  rate  of  0.6*C/s 
are  presented  in  Figure  4.  A  strong  reaction  is 
obtained  at  about  7  minutes.  Because  of  a 
little  imperfection  in  the  contact  between  the 
plate  and  the  sample,  the  temperature  in  the 
explosive  at  the  interface  is  slightly  lower 
(about  260T)  than  the  temperature  at  the 
center  of  the  heating  plate. 

Nevertheless,  the  explosive  temperature 
is  greater  than  the  critical  value  measured  in 
the  ODTX  test,  which  is  presently  due  to 
dynamic  tliermal  loading.  This  fact  offers  a 


very  good  point  of  comparison  with  numerical 
simulations. 

Combustion  Process 

A  cylindrical  explosive  sample  is  initiated 
by  a  hot  plate  regulated  in  a  Aimaeo  at  the  test 
temperature  (see  Figure  6).  What  is  measured 
is: 

-  The  time  at  which  the  combustion 
reaction  begins. 

<  The  temperature  at  different  points  of 
the  explosive. 


Figure  5.  Combuetion  Teet  Setup 

As  an  example  of  results,  the  temperature 
records  obtained  for  composition  T2  are  given 
in  Figure  6. 

These  measurements  allow  us  to  deter¬ 
mine,  for  a  given  composition; 

-  The  maximum  combustion  tempera¬ 
ture  (1100*C  ±  60*C  for  composition 
T2). 

-  The  rate  at  which  the  combustion 
front  propagates  through  the  explo¬ 
sive  (~3.6  mm/minute  for  composition 
T2). 

-  The  temperature  rise  time  when  the 
combustion  wave  passes  through.  This 
kind  of  test  is  very  convenient  to  deter¬ 
mine  physical  parameters  necessary 
for  the  combustion  models  uoed  in 
numerical  simulations.  Similar  pheno¬ 
mena  can  be  obtained  with  TXl  com¬ 
position. 


Figure  6,  Combustion  Teat  Experimental 
Feaulta 


Figure  7.  Influence  of  Initial  Temperature  on 
Burning  Front  Velocity 

The  sample  can  be  preheated  to  a  given 
temperature  before  the  beginning  of  the  teat  to 
utudy  the  influence  of  initial  temperature 
distribution  on  combustion  process. 

An  example  of  thin  influence  is  given  in 
Figure  7  where  we  can  see  the  in'srease  of  the 
burning  rate  as  a  function  of  the  initial 
temperature. 


This  increase  is  greater  for  the  mixed 
composition  TXl  than  for  the  TATB  one,  T2, 
and  this  is  an  important  point  for  explosive 
safety. 

What  is  important  to  notice  too  is  that,  for 
mixed  compositions,  the  burning  front  velocity 
can  be  simply  evaluated  from  the  following 
formula  (neglecting  the  small  percentage  of 
binder). 

^HMX  ^TATB  _  ^HMX  ^  ^TATB 
^HMX  ^TATB 

where:  Cm,  Chmx,  Ctatb,  Are  the  burning 
front  velocities  fbr  mixed  composition,  and 
pure  HMX  and  TATB;  Vhmx  Vtatb  Are 

the  volume  percentages  of  the  two  explosives 
in  the  mixed  composition. 

This  indicates  that,  inside  this  kind  of 
composition,  the  HMX  and  TATB  grains  burn 
alternatively,  which  shows  how  TATB  moder¬ 
ates  the  reaction  Intensity  in  the  mixed 
explosives. 

NUMERICAL  SIMULATIONS 
AND  COMPARISONS  TO 
EXPERIMENTAL  RESULTS 

Thermal  Ignition 

We  have  developed  a  finite  element  code 
(named  CAT)  fur  the  calculations  of  thermal 
ignition  phenomena. 

It  is  based  on  the  numerical  treatment  of 
the  classical  heat  transfer  equation  to  which  is 
added  a  special  term  (Q)  to  take  into  account 
the  exothermic  decomposition  of  the  explosive. 

[  div  X  grad  0  dV  +  [  QdV  + 

J  V  J  V 


f  de 

4)dS«  C.  ^.dV 
Js  Jv  dt 

0  K  temperature 

X  =  thermal  conductivity 

C  -  heat  capacity 

(t>  -  surface  (S)  fluxes 
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V  =  element  volume 

t  =  time 

The  main  capabilities  of  this  code  are: 

-  Two  dimensional  plane  or  axisym- 
metrie  geometries. 

•  Nonlinear  calculations  (materials  con¬ 
ductivity  and  heat  capacity  vary  with 
the  computed  temperature). 

-  Convection  and  radiation  fluxes  in 
cavities  of  the  studied  structure  or  in 
the  surrounding  medium. 

The  Q-term  form  depends  on  the  kinetic 
chosen  to  describe  the  thermal  decomposition 
of  the  studied  explosives. 

We  used  multi-staged  kinetics  of  the 
same  type  as  those  developed  at  the  LLNL,^ 
but  different  in  the  details. 

A  plot  of  the  time  to  explosion  as  a 
Amotion  of  inverse  temperature  for  the  ODTX 
test  is  given  in  Figure  8  for  compositions  T2 
andTXl, 

The  kinetic  parameters  are  scaled  in 
order  to  obtain  a  good  agreement  between 
experimental  results  and  numerical 
simulations  performed  with  CAT.  The  valid¬ 
ity  of  the  kinetics  is  controlled  by  compari¬ 
sons  of  computations  to  other  experimental 
results. 


_ ii  <ii  iiO  M  M  X.»  ^  ,  ' 

^  liio  no _ no  r(*oT‘ 

Figure  0.  ODTX -Comparison  Between 
Experiments  and  Computations 


A  plot  of  the  temperature  at  various 
points  of  the  explosive  sample  as  a  function  of 
time  is  presented  in  Figure  9  in  the  case  of  the 
thermal  induction  test  applied  to  composition 
Xi. 

We  obtain  a  good  agreement  between 
measurements  and  calculations  for  the  time  to 
explosion  and  the  temperature  values. 


Figure  9,  Induction-Comparison  Between 
Experiments  and  Computations 

Combustion  Process 

We  have  modified  the  CAT  code  to  Intple- 
ment  a  combustion  model  based  on  experi¬ 
mental  observations  and  measurements. 

The  flame  front  velocity  is  flxed  to  its 
experimental  value  depending  on  temperature 
before  the  front.  When  it  is  attained  by  this 
iVont,  an  element  burns,  giving  a  heat  flux  q 
during  a  time  t  which  is  a  function  of  the 
temperature  of  this  element  Just  before  the 
iVont  arrival.  This  simple  model  allows  the  use 
of  coarse  meshes  which  reduces  time  com¬ 
putations. 

All  the  parameters  necessary  for  this 
model  are  deduced  from  the  one-dimensional 
combustion  tests  previously  described. 

A  good  agreement  between  computed  and 
measured  temperatures  at  various  points  of 
the  explosive  sample  is  obtained  as  shown  in 
Figure  10,  for  composition  T2.  The  little 
discrepancy  between  calculations  and  mea¬ 
surements  for  h  =  16  mm  is  due  to  an  experi¬ 
mental  imperfection  (involuntary  cooling  of 
tho  sample). 
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Figurt  10.  Combuition-CoinpariBon  Between 
Experimente  and  Computatione 

CONCLUSION 

We  have  performed  experiments  and 
developed  a  code,  CAT,  in  order  to  analyse  and 
simulate  thermal  ignition  and  combustion 
phenomena,  particularly  of  Interest  in  the  ease 
of  low  sensitivity  compositions,  including 
TATB. 


The  good  agreement  between  measure¬ 
ments  and  computed  results  confirms  the 
validity  of  the  CAT  code  as  an  efficient 
numerical  simulation  tool  for  experimental 
results  analysis  and  studies  of  explosive  safety. 
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ELECTROSTATIC  SENSITIVITY  TESTING  OF 
EXPLOSIVES  AT  LOS  ALAMOS 


Thomai*  B.  Larson,  P.  Dimas,  and  C.  B.  Hannaford 
Los  Alamos  National  laboratory,  Univorsily  of  California 
Los  Alamos,  Now  Mozieo  875M 


An  9Uetro$UUic  $*n»Uioify  tut  for  detormining  tho  handling  haatardo 
oiMoeiatod  with  both  now  and  ootabliohod  oxplooivu  hao  boon  dovolopod 
at  Loo  Alamoo  and  io  now  in  routino  uoo.  Tho  apparatuo  io  a  moving 
olutrodo  dtuieo  iimilar  to  that  dooeribod  by  Kuolor  and  Brown,^  The 
onorgy  ttorod  in  ooUetod  eapaeiton  of  a  capacitor  bank  io  diochargod 
through  tho  oarnpio  of  oxpluivo.  A  unique  oyotom  of  confining  tho 
samples  with  load  foil  aUowo  one  to  nuaouro  variouo  dogrooo  ofoamplo 
rooponoe  to  changu  in  tho  oloctrootatic  ttimuluo.  Varying  tho  foil 
thieknooo  providoo  information  about  both  the  "oenoitivoneoo"  and  tho 
"explosiveness”  of  the  sample.  Tho  lead-/bll*con/lnemenl  technique 
oliminatoo  tho  oubjectivo  ^ocription  of  the  response  of  a  oecondary 
oxplooiiio  to  a  marginal  otimuluo  os  Is  common  in  many  explosives  teste 
on  secondaries.  Variabloo  otudiod  included:  particle  else,  oample 
weight,  olutrodo  material,  scries  resistance,  tempeiature,  voltage, 
oample  volume,  and  degree  of  cmfinomont. 


INTRODUCTION 

In  any  organisation  engaged  in  research 
and  development  on  explosives,  energetic 
materials,  propellants,  etc.,  it  is  necessary  to 
develop  small-scale  sensitivity  tests  to  eval¬ 
uate  their  hazards  and  establish  safe  handling 
conditions  to  ensure  personnel  safety.  These 
small-scale  tests  do  not  necessarily  provide 
exact  scientific  values,  but  rather  relative  ones 
that  depend  upon  the  testing  conditions 
employed.  We  must  rely  on  knowledgeable, 
experienced  personnel  to  interpret  even  the 
relative  values  in  any  safety  assessment. 

It  is  important  in  any  sensitivity  test, 
especially  small  scale,  to  avoid  the  temptation 
to  attribute  a  greater  scientific  content  to  the 
results  than  is  really  present. 

Most  of  these  small  tests  will  not  scale  to 
either  larger  circumstances  or  slightly  differ¬ 
ent  stimuli,  so  their  results  must  be  used  with 
caution.  For  example,  the  ERL  drop-weight- 
impact  machine  does  not  distinguish  between 
PBX  9404  and  PRX  9601.  Yet,  in  a  large-scale 


skid  test,  the  PBX  9404  has  a  60  percent  drop 
height  of  1.6  m,  while  the  value  for  PBX  9601 
is  8  m.  It  required  an  accident  in  the  UK  to 
bring  about  development  of  the  skid  test. 

Even  the  well-characterised  gap  test, 
which  determines  shock  sensitivities  of  explo¬ 
sives,  can  have  faults.  If  one  tests  explosives 
with  very  short  duration  shocks,  one  observes 
differences  and  details  that  cannot  be  found  in 
gap-test  results.^ 

Another  problem  with  sensitivity  tests  is 
the  demand  for  ntandardization.  Standard¬ 
ization  can  result  in  many  problems,  accidents, 
blind  acceptance  of  numbers,  and  neglect  of 
important  paramoters,  especially  if  one  stan¬ 
dardizes  on  the  "wrong"  test. 

To  further  complicate  matters,  secondary 
explosives  are  more  difficult  to  test  for 
sensitivity  characteristics  than  are  primary 
explosives.  The  primary  explosives  give  clear- 
cut  responses  to  low-level  stimuli.  (Yes,  they 
explode  or  No,  they  don’t.)  With  secondary 
explosives,  the  response  is  proportional  to  the 
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itimulus  up  to  a  point  whero  the  reaction 
becomes  seiif-sustaiiiing.  For  example,  if  one 
hits  a  small  sample  of  PBTN  with  a 
hammer,  it  goes  'iMmg;'*  if  hit  harder,  it  ipMs 
"bang^  louder.  Thus,  in  the  sensitivity  testing 
of  secondary  explosives,  one  is  forced  to  make 
a  decision  as  to  what  level  of  response  is 
significant. 

RECENT  ESD  IGNITION 
CONCERNS 

The  Pershing  accident  in  January  1986, 
clearly  illustrates  that  small-scale  BSD  tests 
either  do  not  scale  or  that  they  neglect  some 
important  parameters.  The  sccident  has  been 
officially  attributed  to  an  ignition  of  the  rocket 
propellant  by  an  electrostatic  discharge.^  This 
propellant  ^d  not  show  any  adverse  behavior 
in  the  amall-seale  BSD  tests  used  by  propellant 
manufacturers.  The  French^  had  shown  in  the 
late  1970s  that  some  types  of  propellants  could 
be  ignited  by  electrostatic  discharges  in  a 
particular  large-scale  test.  As  a  result  of  the 
Pershing  accident  and  subsequent  events, 
there  has  been  a  considerable  effort  among  the 
propellant  community  to  develop  large-scale 
BSD  tests.  Covino  and  Graham”  of  the  Naval 
Weapons  Center  have  duplicated  the  French 
test  and  Drietsler^  of  the  Army  Missile  Com¬ 
mand  has  developed  another  large-scale  BSD 
teat.  Losee'’^  of  Hercules  has  carried  out  an 
BSD  test  on  a  500-pound  segment  of  a  rocket 
propellant  under  the  auspices  of  Lockheed  and 
the  Navy.  An  Electrostatic  Discharge  Panel 
was  formed  in  the  JANNAF  Propulsion  Sys¬ 
tems  Hazard  Subcommittee  in  1986,  and  has 
met  regularly  since  that  time.  The  progress  in 
testing,  modeling,  and  interpretation  can  be 
found  in  the  Proceedings  of  these  meetings.* 
The  French*  have  not  observed  reactions  in 
explosive  formulations  using  their  test  unless 
the  formulations  contained  metal  particles. 
We  have  had  two  DOB  explosives,  9501  and 
9602,  subjected  to  the  French  test  at  the  Naval 
Weapon  Center  facilities  at  China  Lake.  No 
reactions  or  ignitions  occurred.^* 

DESCRIPTION  OF  APPARATUS 
AND  TEST  VARIABLES 

The  metiind  used  to  determine  the  sensi¬ 
tivity  of  an  explosive  to  spark  initiation  is,  in 


general,  to  subject  it  to  a  single  discharge 
from  a  condenser  that  has  been  charged  to  a 
high  voltage.  The  energy  of  the  discharge  U 
varied,  and  by  an  up-and-down  procedure,  the 
energy  producing  initlaUon  of  the  sample  in 
60  percent  of  the  trials  is  estimated.  (Bruceton 
method.)^^ 

A  variable  (0-1.6  kV)  power  supply  is 
used  to  charge  the  selected  condensers  in 
a  condenser  bank.^*  Any  total  value  of  capaci¬ 
tance  Arom  2  x  10*^  to  3  pF  may  be  obtained 
by  a  switching  arrangement  that  allows  one 
to  connoct  any  of  tho  18  condensers  in  the 
bank  in  parallel.^*  The  condenser  output,  in 
turn,  is  connected  to  a  moving  electrode 
device,  similar  to  that  of  Brown,  Kusler,  and 
Gibson.**  It  may  be  described  as  a  spring- 
loaded  phonograph  needle  chuck  or,  per¬ 
haps  more  simply,  as  a  single-stroke  sewing 
machine.  The  apparatus  is  cocked,  and  a 
metal  phonograph  needle  placed  in  the 
chuck.  When  the  spring  is  released,  the 
needle  moves  dovmward  31.76  mm  (1-^  inches) 
and  returns.  The  duration  of  this  stroke  is 
approximately  0,04  s.  In  all  tests  carried 
out  so  far.  the  needle  has  been  positively 
charged,  and  the  spark  produced  passes 
tlurough  tlie  explosive  sample  to  ground.  By 
keeping  tho  ne^le  positive,  corona  losses  are 
avoided. 

The  spark  energy  is  taken  to  be  the 
energy  stored  in  the  selected  condensers,  B  ^ 
ICV  ,  where  B  is  the  spark  energy,  C  the 
capacitance,  and  V  the  applied  voltage.  Fifty 
tests  were  performed  in  which  the  voltage 
on  the  condensers  was  measured  immedi¬ 
ately  after  spark  discharge.  The  voltage  was 
found  to  be  anywhere  ftom  less  than  10  to 
390  V.  The  condensers  had  originally  been 
charged  to  6000  V  in  the  tests.  Therefore,  less 
than  0.6  percent  of  the  energy  remains  after 
discharge. 

Sample  Holders  and  Degree  of  Reaction 

During  preliminary  experiments  using 
this  apparatUH,  it  became  evident  that  it 
was  very  difficult  to  describe  the  results  of 
subjecting  secondary  explosives  to  low-energy 
dlschargeu  in  any  quantitative  fashion. 
Therefore,  special  sample  holders  were 
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deilgned  that  would  allow  the  reproducible 
detection  of  a  limited  amount  of  reaction  In  the 
■ample. 

Such  a  sample  holder  Is  shown  In 
Figure  1.  A  polystyrene  sleeve  is  cemented 
around  a  steel  dowel  pin,  leaving  a  space 
4.76*mm  diam  x  6.36-mm  (3/16-inch  diam  x 
l/4*lneh)  high  to  contain  the  sample.  A 
circular  piece  of  lead  foil  is  pieced  over  this 
opening  to  connne  the  sample.  The  poly¬ 
styrene  clamping  ring,  which  holds  the  foil  by 
the  outer  edges,  is  then  clamped  down  over  the 
polystyrene  sleeve. 

In  using  these  sample  hoiders,  the  needle 
punctures  the  lead  foil  and  a  spark  is  dis¬ 
charged  through  the  explosive  sampie.  A  ^'Qo” 
(positive  event)  is  indicated  by  a  ruptured 
foil,  while  a  "No-Qo”  Is  evidenced  by  a 
punctured,  but  otherwise  Intact  foil.  The 


Polystyrene  Clamping 
Ring 


Confining  Foil 


Polystyrene  Sleeve 


Steel  Dowel 


Figure  1 .  Exploded  View  of  Sample  Holder 


degree  of  reaction  can  be  changed  by 
changing  the  foil  thickness  because  as  one 
Increases  the  confining  lead  foil  thickness.  It 
should  take  a  greater  degree  of  reaction  to 
provide  sufficient  pressure  build-up  to  rupture 
the  foil. 

PBTN  was  chosen  as  the  material  to 
study  the  variables  Involved  In  this  test. 
Figure  2  shows  the  results  of  a  number  of 
experiments  with  several  types  of  PSTN  and 
several  degrees  of  confinement. 

These  results  suggest  that  two  types  of 
reactions  may  be  occurring: 


a.  In  the  low-energy  region,  the  amount 
of  reaction  appears  to  be  proportional 
to  the  energy. 


SO^POINT  ENERGY  (jouleid 


Figure  2 


1078 


b.  As  the  energy  Is  increased  beyond  a 
certain  value,  the  amount  of  reaction 
is  no  longer  proportional  to  the 
energy  because  a  self-sustaining 
reaction  occurs.  The  pressure  from 
this  reaction  is  sufficient  to  rupture 
the  thickest  foils  tested.  In  fact,  many 
of  these  reactions  destroy  the  plastic 
part  of  the  sample  holder.  Sample 
destruction  is  tabulated  as  percent 
explosions  (%  Expl.), 

It  can  also  be  seen  that  while  the  line 
PETN  is  only  slightly  more  sensitive  to  a  spark 
in  the  minimum  reaction  region,  it  is  very 
much  more  sensitive  than  the  coarse  PETN  in 
the  violent  region. 

Partiole-Size  Effects 

In  preliminary  experiments,  it  appeared 
that  the  fines  in  a  sample  governed  its 
sensitivity.  To  study  this  effect  of  the  particle 
size  of  the  sample  in  greater  detail,  one  lot  of 
PETN  was  sieved,  and  each  fraction  was 
tested.  Table  1  shows  that,  as  the  particle  size 
decreases,  the  sensitivity  increases.  It  is 
interesting  to  note  that  for  the  minimum 
reaction  region,  the  sensitivity  has  only 
increased  almut  1.6  times,  but  for  the  more 
violent  reactions,  the  sensitivity  has  increased 
about  ten  fold  as  the  particle  sise  was 
decreased. 

Table  1.  PETN:  Particle  Size  Effects 


Sample  50%-Point  Energy  (joulee) 

Particle  Siw*  LmiLM  liLMIfsil  £l£fiL 


On  36 

0.:i62 

4.04) 

0 

Through  36  on  42 

0.160 

2.42 

0 

Through  42  on  60 

0.166 

1.83 

0 

Through  60  on  60 

0.138 

1.23 

0 

Thn  tigh80onll6 

0.136 

1.00 

16 

Through  1 1 5  on  326 

0.008 

0.408 

33 

*U.S.  Standard  Sieve  Seriei 
teatad  with  eteel  phonograph  needlee 


Detonator'grade  PETN  having  a  large 
surface  area  appears  to  be  slightly  less  sensi¬ 
tive  than  Ane  crystalline  PETN.  A  possible 


explanation  is  that  detonator  material  forms  a 
kind  of  mat,  and  the  spark  is  forced  to  take  a 
longer,  more  circuitous  path  through  the 
material  that  results  in  a  lower  energy  density 
in  the  spark. 

Series  Resistance 

Other  investigators*^  have  reported  that 
increasing  the  series  resistance  in  the  circuit 
resulted  in  an  increase  in  the  sensitivity  of  the 
explosives.  Their  studies  were  carried  out 
using  only  primary  explosives. 

A  series  of  tests  was  carried  out  using 
the  following  explosives:  PETN,  RDX,  HMX, 
Pentolite,  Tetryl,  and  TNT.  Resistances  of 
0.1,  0.61,  1.0,  6.1,  10,  61,  and  100  kQ  have 
been  used  individually  in  series  with  the 
spark  gap.  Each  of  the  listed  explosives  was 
tested  at  energies  of  1, 6,  and  10  J.  PETN,  the 
most  sensitive  explosive,  was  also  tested  at 
26  J.  All  samples  were  confined  with  a  3-mil 
Pb  foil.  In  no  ccue  did  a  ’’Qo**  occur.  When 
using  resistances  of  61  and  100  kQ  (long  RC 
tiroes),  an  examination  of  the  PETN  samples 
after  the  spark  discharge  clearly  indicated  that 
the  samples  were  ftised  and  that  some  melting 
had  taken  place. 

The  60  percent  point  energies  for  the 
above  materials  with  no  added  resistance 
range  fk'om  0.19  to  0.64  J.  Thus,  secondary 
explosives  behave  opposite  to  primary  explo¬ 
sives  in  that  adding  resistances  to  the 
discharge  circuit  decreases  the  secondaries' 
sensitivities  very  markedly. 

Sample  Weight 

A  series  of  experiments  was  performed 
with  samples  of  PETN  that  weighed  30, 40, 60, 
60,  75,  100,  and  110  mg.  The  samples  were 
conflned  with  1-  and  10-mil  Pb  foils.  The 
sensitivity  of  the  minimum  reaction  samples 
decreased  by  a  factor  of  2,  while  the  severe 
reaction  samples'  sensitivity  increased  by  a 
factor  of  ~3.5.  These  results  were  explained  on 
the  basis  of  two  competing  effects  of  increasing 
the  sample  weight;  namely,  the  decrease  in 
free  volume  of  the  container,  and  the  greater 
inertia  of  tho  material  over  the  site  of  the 
ignition.  The  first  was  presumed  to 
predominate  with  tho  thicker  foil,  the  second 
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with  the  thin  foil.  This  explanation  wai  at 
leait  partially  confirmed  by  fabricating  apecial 
aample  holden  in  which  a  iVee  volume  of  0.086 
em^  wae  maintained  above  the  bulk  sample 
at  each  sample  weight  (lengthening  the 
polystyrene  sleeve).  The  same  sample  weights 
mentioned  above  were  tested  with  the  modified 
sample  holders.  The  variation  of  the  results 
with  sample  weight  were  reduced  considerably 
in  these  tests,  indicating  that  our  explanations 
were  confirmed,  and  that  a  constant  free 
volume  in  the  loaded  sample  holder  was 
desirable.  As  a  result  of  this  set  of  experi¬ 
ments,  we  chose  to  standardise  on  constant- 
volume  samples. 

STANDARDIZATION  AND 
RESULTS 

As  a  result  of  our  studies,  we  chose  a  set  of 
conditions  that  were  used  as  a  routine  version 
of  the  spark-sensitivity  test.  These  conditions 
are  Hst^  below: 

a.  Tests  would  be  run  using  two  dif¬ 
ferent  foil  thicknesses,  a  thin  foil 
(3  mils)  and  a  thicker  foil  (10  mils). 
The  data  from  the  thin  foil 
confinement  would  be  used  for  the 
evaluation  of  haxards,  while  the  test 
using  the  thicker  foil  confinement 
would  provide  information  about  the 
severity  of  the  reaction. 

b.  Brass  pins  would  be  used  as  the  upper 
electrode  rather  than  steel  phono¬ 
graph  needles.  Experiments  showed 
that  the  variation  in  the  sensitivity  of 
PETN  with  sample  weight  is  less 
when  brass  pins  are  used  as  the  upper 
electrode. 

c.  Experiments  with  PETN  have  shown 
that  its  spark  sensitivity  is  very 
dependent  upon  the  particle  else  of 
the  sample.  Therefore,  it  may  be 
necessary  to  specify  particle  size 
when  comparing  a  sories  of 
explosives.  On  the  other  hand,  in 
evaluating  a  material  for  hazards  it 
should  be  tested  "as  received,** 
because  it  is  handled  in  this  form. 

d.  Samples  are  scooped  to  a  constant 
volume  rather  than  weighed.  Results 


in  the  last  section  indicate  that 
maintaining  a  constant  fl’ee  volume 
in  the  sample  holder  results  in  less 
dependence  of  the  sensitivity  upon 
the  sample  weight. 

e.  A  voltage  of  6,000  Is  standard. 
Energy  is  taken  as  f  CV^  and  is 
ehang^  by  varying  the  capacitance. 
Limited  studies  on  PETN  showed  that 
energy,  not  voltage,  was  the  impor¬ 
tant  quantity. 

We  have  tested  our  **impaet  standard*’ 
explosivii:;;  over  the  years  in  our  routine 
version  of  the  test.  Table  2  gives  typical 
results. 

At  Los  Alamos,  we  use  many  molding 
powders  that  are  pressed  into  large  pieces. 
Electrostatic  discharges  have  been  thought 
to  be  less  of  a  hazard  with  consolidated 
charges  than  with  powdered  explosives.  (This 
may  no  longer  be  valid  in  view  of  the  past 
few  year’s  experience  with  propellants.) 
Thsrefore,  we  prefer  to  test  an  explosive 
in  the  most  sensitive  form  in  which  it  is 
handled.  In  the  case  of  many  molding  pow¬ 
ders,  the  agglomerates  or  pellets  are  too  Iprge 
to  fit  into  our  sample  holders.  Therefore,  we 
decided  to  test  these  materials  in  the  form 
of  chips  and  turnings  from  machined 
charges.  This  is  actually  a  commonly  occur¬ 
ring  condition,  since  there  are  still  facilities 
where  these  materials  are  machined  dry.  The 
materials  were  tested  under  our  standard 
conditions,  previously  out-lined.  Samples  were 
scooped  to  a  constant  volume,  where  volume. 

Tabu  2,  Common  ExploBiuM 


60%  Point  Energy  (Joules) 
Meteriei  LmlJKflil  Ifl  mllM 


PETN  (DuPont) 

0.19 

0.76 

8 

RDX  (Impact  Std) 

0.21 

0.96 

0 

HMX  (Impact  8td) 

0.23 

1.42 

23 

Tetryl  (Impact  Std) 

0.64 

3.79 

4S 

TNT  (Impact  Std) 

0.46 

3.76 

0 

PYX 

1.18 

9.00 

0 

OATS  (Ut  11426) 

1.48 

10.79 

0 

TATB(X-3S8) 

4.26 

18.14 

0 

mix.  human  eUtiJ)  charge  %  0.016Joulas 
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where  poiiible,  and  yielded  eamplee  weighing 
27''30  mg.  Otherwise,  30-mg  samples  were 
weighed  and  loaded.  These  results  are  given  in 
Table  3. 


Tables,  Molding Powdere 
(Maehinod  Turnings) 


80%  Point  Energy  (jouloi) 

UliUill _  a-mllFoll  10-mil  Foil  UBebL 


Pentolite 

0.33 

1.08 

16 

78/86  Gyolotol 

0.38 

3.30 

28 

PBX8404 

0.43 

3.13 

0 

PBX9806 

0.68 

1.37 

42 

Comp  A 

0.63 

4.38 

0 

PBXB407 

0.77 

1.60 

60 

PBX8010 

0.70 

1.63 

64 

Ootol 

0.B3 

4.63 

17 

PBXB601 

0.84 

2.63 

78 

LX-04 

1.04 

8.68 

38 

PBX9011 

1.00 

2.77 

33 

The  materials  are  listed  in  order  of 
deereasing  sensitivity  as  determined  by  the 
rupture  of  a  d>mil  Pb  foil.  This  Is  a  minimum 
type  of  reaation.  If  the  10-mil  Pb  foil  results 
were  used,  an  entirely  different  order  would 
result,  with  the  RDX-based  explosives  being 
the  most  sensitive  materials. 

Heated  Samples 

In  some  cases,  it  is  desirable  to  test 
materials  at  temperatures  above  room 
temperature.  This  allows  one  to  evaluate 
hazards  that  may  exist  during  the  processing 
of  these  materials  (for  example,  molding 
powders  at  their  preheat  temperatures).  In 
this  variation  of  the  test,  each  sample 
holder  is  fitted  with  a  heat  reservoir,  which 
consists  of  a  steei  block  26,4-mm  diam  x 
10,1-mm  (1-inch  diam  x  3/4  inch)  high 
drilled  to  receive  the  dowel  pin  of  the  standard 
sample  holder.  The  sample-holder/heat- 
reservoir  assembly  is  heated  to  the  desired 
temperature  in  an  oven,  then  rapidly 
transferred  to  the  firing  chamber  and  tested. 
It  was  found  that  when  the  sample- 
holder/heat-reservoir  assembly  was  removed 
from  an  oven  at  ISO^C,  the  temperature 
dropped  at  a  rate  of  for  the  first  several 


minutes.  The  average  time  from  removal  from 
the  oven  to  firing  is  about  16  s.  In  elevated 
temperature  testing,  the  polystyrene  sample 
holders  are  replaced  by  identical  Teflon 
holders. 

Tables  4  and  6  show  the  results  obtained 
when  testing  several  common  military  explo¬ 
sives  and  typical  DOB  molding  powders  as  a 
function  of  Increasing  temperatiue.  It  can  be 
seen  that  the  sensitivity  increases  somewhat 
as  a  fiinction  of  temperature.  The  m^jor  effect 
appears  to  be  the  severity  of  the  reaction  when 
confined  with  a  10-mil  Pb  foil.  The  percent 
explosion  increases,  and  the  degree  of  reaction 
to  shatter  a  Teflon  holder  is  considerably 
greater  than  that  required  for  destruction  of 
one  fabricated  from  polystyrene. 


Table  4,  Heated  Explosives 


60%-Point  Bntrgy  (joulci) 

Temperature  (*C)  g-jnllllgll  IP-mtiratl  AlBibL 


PBTW(Trttl8nBirrtlWfl..l) 


23 

0.36 

0.70 

80* 

60 

0.34 

0.78 

SB** 

78 

0.31 

0.70 

16^ 

100 

0.18 

0.80 

42^ 

126 

0.36 

0.70 

40^ 

RPXtWibMhOraaadl 

22 

0.37 

1.88 

8.3' 

76 

0.18 

1.06 

7.7' 

136 

0.18 

0.03 

28.0' 

176 

0.10 

0.37 

B3.0' 

HMX  (88-63) 

32 

0.28 

1.12 

76* 

76 

0.26 

1.03 

o'* 

186 

0.10 

0.80 

o'* 

176 

0.13 

0.62 

ao** 

300 

0.136 

0.36 

84'* 

'Polyetyrene  holdere 
teflon  holdere 


Materials  Exhibiting 
Anomalous  Behavior 

Since  testing  was  begun  at  Los  Alamos, 
we  have  found  a  number  of  materials  that 
behave  somewhat  differently  than  our  usual 
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•xploiives  and  molding  powderg.  Some  of 
thoM  are  listed  in  Table  6. 

Oedesol  10  ii  a  double  ceeium  nitrate 
gait  of  deeaborane.  It  always  exploded  at 
the  lowest  energies  we  could  supply  from 


Table  5.  Heated  Molding  Powdere 


60%>Point  Bntrgy  QouIm) 

Timixrituri(*C)  a^nUlDil  lO-mllPoll 

ftjiuL 

fiflBBMltoHA 

32 

0.63 

4.38 

60 

0.42 

4.76 

oj 

76 

0.61 

6.78 

oi 

126 

0,66 

6.26 

o'* 

6404(ft4/a/3AHllX/NC/OBF) 

23 

0.42 

3.13 

OJ 

Ol 

76 

063 

3.26 

126 

0.30 

2.60 

176 

0.34 

1.92 

26^ 

LX-04  (86/16.  HMXAriU.n) 

22 

1.04 

2.68 

38* 

76 

0.78 

2.26 

oj 

126 

0.73 

2.10 

42^ 

176 

0.66 

2.16 

31^ 

0407(84/e^.RDX/Bioii) 

22 

0.77 

1.60 

80* 

76 

0.63 

1.14 

136 

0.46 

1.01 

38i 

178 

0.43 

1.02 

31^ 

'PolyityraM  holdart 
^•flonholdars 

our  equipment,  The  value  of  0.0026  J  is  ~  1/6 
of  the  energy  that  can  be  built  up  on  a 
human.  In  fact,  we  set  the  material  off  by 
sliding  out  of  a  chair.  It  also  had  an  impact 
sensitivity  of  4>7  cm  drop  height.  The 
material  behaves  like  a  primary  explosive 
in  these  two  tests.  It  is  believed  to  be  an 
ingredient  of  Hivelite,  which  has  been 
implicated  in  several  accidents, 

The  next  three  materials  are  best  classed 
as  pyrotechnics.  One  of  their  characteristios  is 
that  once  a  reaction  starts,  the  entire  sample  is 
consumed.  Both  the  heat  powder  and  Ti/B 
igniter  have  sensitivity  values  similar  to 
human  electrostatic  energies. 

ZPCP,  BTF,  and  pentanitroaniline  all 
transform  into  very  vigorous  reactions  with 
only  a  slight  increase  of  energy.  This  behavior 
is  more  typical  of  the  behavior  of  a  primary 
explosive  and  care  should  be  exercised  with 
these  materials,  The  latter  two  materials,  BTF 
and  pentanitroaniline,  have  threshold  sensitiv* 
ities  similar  to  that  of  PBTN. 

KHND,  potassium  picrate,  and  the 
triasole  are  anomalous  in  that  they  require 
less  energy  to  cause  a  reaction  under  heavier 
confinement.  These  reactions  are  also  much 
more  severe  than  those  with  light  confinement, 
as  shown  by  the  sample  holder  destruction. 
While  none  of  three  materials  are  unduly 
sensitive,  one  would  predict  that  in  an 
accident,propagation  would  occur  that  could 
lead  to  serious  results. 


Table  6,  Anomaloue  Materiale  GLOSSARY  AND  COMPOSITIONS 


60%  Point  Bnargy  (joulaa) 

B/KNO3 

18/82wt% 

MaUrtal 

S-milPoil  lO-milPotl 

%Bul. 

BTF 

bensotrifUroxan 

CadMol  10 

(aama  valua  Ibr  0,0026 
Oandl  mil) 

CedoBol  10 

B10H13  (CsNOala 

HaatPowdar  88/13 

0,018  0.018 

... 

Comp  A 

RDX/Wax  01/9  wt% 

Ti/B 

0.03  (aama  valua 
unoonfinad) 

7S/25  Cyclotol 

RDX/TNT  76/25  wt% 

B/KNOa 

ZPOP 

0.23  0.33 

0.31(17%  0.40 
Bipi) 

0.14  0,18 

100 

Heat  Powder 

Fe/KC104  88/12  wt6i> 

BTr(HNB) 

86.7 

KHND 

potassium  salt  of 

PanUnItroaniUna 

0,21  0.31 

76 

hexanitrodiphenlamine 

4.Nitro.l-picry|. 

l,2,3,lH-triaMle 

0.24  0.23 

100 

LX-04 

HMXA/itonA86/16wt% 

KHND 

0.61  0.43 

67 

Octol 

HMX/TNT  75/26  wt% 

KPioraU 

0.73  0,64 

100 

PBX  9010 

RDX/Kel'F  90/10  wt% 
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PBX  901 1  HMX/Estane  90/10  wt% 

PBX  9206  RDX/polyityrene/dioetyl- 

thalate  92/6/2  wt% 

PBX  9404  HMX/nitrocelluloBe/ 

chloroathyl-phoiphate 

94/3/3  wt% 

PBX  9407  RDX/Exon  461 94/6  wt% 

PBX  9601  HMX/dinitropropyl  acetal  > 

formal/Bitane  96/2.6/2/6 
wt% 

PYX  2,6<blB(picrylamino)-3,6- 

dinitropyridine 

Ti/B  68/32  wt% 

ZPCP  acidopentammine  cobalt 

(III)  perchlorate 
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DISCUSSION 

HAUS  J.  PASURAX,  PML-TMO,  NL 
Rijswijk,  Holland 

Did  you  vary  and  optimise  the  duration 
of  the  spark?  I  ask  this  because  you  made  the 
comparison  with  the  potential  energy  the 
human  body  can  produce  and  it  is  known  that, 
e.g.,  for  combustible  dust  materials,  it  makes 
much  dUference  whether  you  have  a  short  or 
longer  duration  spark, 

REPLY  BY  T.  E.  LARSON 

This  is  discussed  in  the  "Series  Resis¬ 
tance”  section  of  the  paper. 

DISCUSSION 

HAROLD  GRYTINO, 

QryUng  Energetics  Sciences  Co. 

San  Antonio,  TX 

How  do  these  tests  order  common 
explosives  and  propellants  compared  to  the 
more  usual  electrostatic  tests?  Are  there  any 
order  reversals? 

REPLY  BY  T.  E.  LARSON 

Wo  have  not  compared  the  results  from 
our  test  with  other  electrostatic  testa.  The 
results  from  other  tests  may  be  found  in  the 
Proceedings  of  JANNAF  Hasards  Subcom¬ 
mittee  and  other  explosives  literature. 
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MOLECULE-SURFACE  COLLISION-INDUCED  EXCITATION  AND 
DISSOCIATION:  hJ-CsEtNO,  CeFsNO.  2.METHYM- VINYL  TBTRA20LE 
AND  C(N02)4  with  MgO(lOO)  SURFACES  AT  Einoldent «  7.5  eV 

E.  Kolodney,  P.  S.  Poweri,  L.  Iwata,  H.  Reiiler,  and  C.  Witttg 
Department  of  Chemiitry 
Univeriity  of  Southern  California 
Lot  Angelei,  California  90089-0482 

and 

I.  B.  Miahra 
Kanan  Aaioolatea 
8926  Churohville  Road 
Churohville,  Maryland  21028 

and 

C.  Capeiloa 
ARDBC 

Pioatinny  Araenai.  New  Jeraey  07849 


A  technique  ie  deecribeti  in  which  neutral  pobatomic  moleeulee  are 
accelerated  aerodynamically  to  uelocitiea  '^SxlOr  cm  e',  corretponding 
to  lab  kinetic  energies  up  to  7.5  eV^  using  300  K  or  He  carriers, 
Collisions  with  MgO(JOO)  surfaces  then  excite  a  sisable  fl-aetion  of  the 
incident  molecules  to  energies  above  Do,  and  subsequent  decomposition 
is  monitored  state  selectively  using  laser  photoionieation,  Processes 
examined  include  excitation,  dissociation  via  simple  bond  fission,  and 
disHociation  via  nitro^nitrite  rearrangement  followed  by  bond  fission. 
It  appears  that  reactions  occur  via  low  energy  pathways,  thus  providing 
a  valuable  diagnostic,  and  a  rough  statistical  model  is  in  qualitative 
agreement  with  the  initial  results. 


INTRODUCTION 

Colliaional  tranHfar  between  gase¬ 

ous  species  during  bikiary  encounters  Is  of  both 
scientific  and  tuchnolot'ioal  importance,  span- 
nlngawlde  range  of  energlesandtourhingareas 
a.s  diverse  as  laser  development  and  mass  spec¬ 
troscopy.  With  centoi'-of-muss  (c.rn.)  collision 
energies  below  '-100  eV,  the  exchange  of  trans¬ 
lational  and  Internal  energies  has  been  shown 
to  be  very  eOlcienl  in  collisions  of  polyatomic 
ions  with  small  neutrals  [e.g.,  CsHsX^  + 
NalAr)],'  with  observed  thresholds  corre¬ 
sponding  to  known  reaction  endoergicities. 
rapidly-increasing  reaction  cross  sections  above 
threshold,  and  saturation  of  the  reaction  cross 
sections  at  close  to  the  hard  sphere  values.^ 
Although  it  Is  thought  that  perhaps  not  all  of 
the  degrees  of  freedom  ere  randomised  in  the 
collision,  the  subsequent  fragmentation  of  the 
energised  molecular  ions  can  be  described  as 


statistical  unimolecular  decomposition,  follow¬ 
ing  the  rules  of  RRKM/QBT  models.^  lu  retro¬ 
spect,  it  is  not  surprising  that  T-»V  transfer  is 
efficient  at  collision  energies  of  at  least  sevora! 
eV,  since  distortion  of  the  molecular  frame  is 
necessarily  severe,  and  the  requirements  for 
elasticity  carry  the  burden  of  entropic  defici¬ 
ency.  High  energy  collisions  (>  1  keV),  on  the 
other  hand,  have  relatively  low  reaction  cross 
sections,  which  can  be  attributed  to  electronic 
excitation  followed  by  internal  conversion  and 
unlmolecuiar  decomposition.^  Key  issues  that 
remain  in  the  low-energy  ion-molecule  colli¬ 
sions  are  the  fraction  of  the  collision  energy 
lust  per  event,  how  it  varies  with  collision 
energy,  and  how  it  depends  on  the  nature  of  the 
collision  partner. 

In  molecule-surface  collisions  at  incident 
energies  as  high  as  7.6  eV  (l.e.,  those  used  in 
the  present  study),  many  of  the  above  issues 
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and  questions  remain  valid.  One  cannot  over  ¬ 
look  the  obvious  fact  that  serious  distortions  of 
the  molecular  and  crystal  structures  can  result 
from  such  encounters,  and  that  this  can  lead  to 
eitlcient  conversion  of  molecular  translational 
motion  in  the  laboratory  system  into  lattice 
phonons  and  molecular  V,R  excitation  in  the 
rebounding  molecule. 

The  efncacious  promotion  of  molecular 
vibrational  excitation  in  inelastically  scattered 
species  can  thus  be  anticipated,  based  on 
aimilaritiea  to  the  previously-studied  gas< 
phase  systems  and  the  mechanical  principles 
common  to  both  systems.  It  is  with  this  back- 
(ground  and  perspective  that  we  present  here 
the  first  examples  of  molecule-surface  collision- 
induced  dissociation  (CID)  experiments  in 
which  state-resolved  reaction  product  excita¬ 
tions  are  observed  under  UHV  conditions 
using  well-characterised,  chomically-inert 
MgOflOO)  surfaces: 

n,i-C3F7NO  +  MgO(100)->n,l-CaK7NOU 

C3F7  +  NO(X2n)  (1) 

C6F5NO  +  MgOd  OO-^CeFjNO^  -► 

CeFs-j-NOfX^n)  (2) 

C(NO2)4  +  Mgp(l00HC(NO2)4^“+  „ 
C(N02)30N^-^C(N02)a0 + NOiX^ri)  (3) 

A  schematic  drawing  that  indicates  the 
molecule -surface  collision  fur  the  case  of 
n-C3F7NO  Is  given  in  Figure  1.  In  each  case, 


Figure  1 ,  A  Polyatomic  Molecule,  in  this  Case 
n'C^FfNO,  Moves  Toward  the  Surface  with 
Nigh  Incident  Kinetic  Energy,  Undergoes  a 
Collision  with  the  Surface  that  Leaves  the 
Molecule  Internally  Excited,  and  Subsequently 
Decomposes 


we  observe  the  NO(X2n)  prodvict  with  full 
state  resolution  following  high-energy  impact, 
using  2-frequency,  2-photcn  laser  ionisation, 
and  assign  its  parentage  to  the  decomposition 
of  excited  parent  molecules  that  have  scattered 
inelastically  from  the  surface.  Signals  increase 
sharply  with  collision  energy,  and  reaction  prob¬ 
abilities  as  high  as  several  percent  are  reported. 
Several  possible  mechanisms  may  participate 
in  CID  under  the  present  experimental  condi¬ 
tions.  A  model  is  described  in  which  inelastic- 
ally  scattered  parent  species  obtain  substantial 
vibrational  excitation  from  the  Impulsive 
molecule-surface  collision,  with  conversion  of  a 
large  fraction  of  the  incident  translational 
energy  to  molecular  and  crystal  excitations. 
This  excitation  is  assumed  to  be  randomised 
amongst  the  molecular  and  some  of  ihe  crystal 
vibrations,  in  accord  with  the  rapid  intramo¬ 
lecular  vibrational  redistribution  (IVI^)  that  is 
common  to  large  molecules.  Although  qualita¬ 
tive  and  empirically-based,  the  model  agrees 
with  the  observed  rapid  increase  of  the  signal 
with  collision  energy  and  the  nearly-statistlcal 
NO  internal  state  distributions.  It  predicts 
that  the  technique  may  be  a  generally 
applicable  and  useful  means  of  energising 
largo  polyatomics  under  well-characterised 
conditions  in  order  to  study  decomposition 
pathways,  mechanisms  and  klnc  Ics. 

In  the  material  that  follows,  we  first  give 
a  detailed  description  of  the  experimental 
arrangement  and  procedures,  as  this  has  not 
been  done  previously.  CID  results  are  then 
presented  for  C3P7NOand  C3F5NO,  where  sim¬ 
ple  bond  fission  occurs.  Next,  tetranitrometh- 
ane  decomposition  involving  nitro-»nitrite 
rearrangement  is  shown  to  occur,  underscoring 
the  viability  of  the  method  for  perusing  the 
low-energy  decomposition  channels.  MVT,  a 
polymeric  binder,  is  then  shown  to  undergo 
dramatic  excitation  (possibly  dissociation)  at  a 
collision  energy  of  only  3.6  eV.  Next,  detailed 
photodissociation  results  are  presented  for  the 
cuso  of  C3F7NO.  These  cun  be  invaluable  in 
helping  u.?sign  a  meclianismfs)  for  the  CID 
process.  Finally,  a  simple  model  is  presented, 
and  future  work  is  discussed. 

EXPERIMENTAL 

ARRANGEMENTS 

Molecule-Surface  Collision-Induced 
Dissociation 

The  CIO  experimental  arrangement 
involves  a  pulsed,  seeded  (H2  or  He  carrier), 
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super0onic  molecular  beam  source  that  is 
mated  via  a  differentially-pumped  region  to  a 
UHV  chamber  containing  the  MgO(lOO) 
crystal.  The  central  and  UHV  regions  are 
bakable  to  200'*C  and  can  be  isolated  iVom  the 
source  region.  Schematic  drawings  of  the 
overall  arrangement  are  shown  in  Figures  2 
through  4,  and  Figure  6  depicts  the  most  salient 
features  of  the  experiment«-namely,  the  Inci¬ 
dent  and  scattered  molecular  beams  and  the 
laser  detection  regions  (darkened  circles).  The 
source  region  is  pumped  bv  a  standard  diffusion 
pump  (VHS^6),  while  the  main  scattering 
chamber  is  pumped  by  a  very  carefully 
trapped  and  isolated  Alcatel  160  diffusion 
pump,  which  is  backed  by  another  diffusion 
pump,  in  order  to  increase  the  compression 


Figure  2.  Schematic  Drawing  of  the  Ouerall 
Experimental  Arrangement  for  Molecule 
Surface  CID  Studies 

UHV  Surface  Scattering  Apparatui 


Figure  3.  Sketch  of  the  Collision  Chamber 
Arrangement  Shown  Schematically  in  Figure  2 
(Side  View).  The  probe  laser  beams  (not 
shown)  enter  from  the  bottom  of  the  UHV 
Portion.  The  nozzle ^sur face  distance  is  43  cm. 


ratio  for  pumping  light  gases,  and  several 
vapor  traps.  This  allows  all  molecular  beam 
constituents,  including  the  light  He  and  Hg 
carriers,  to  be  offlciently  removed  between 
pulses.  The  base  pressure  is  ~2x  10'*”Torr,and 
after  two  years,  there  are  still  no  signs  of  pump 
oil  in  the  mess  spSctra.  A  small  ion  pump 
(Perkin  Elmer  26)  maintains  UHV  when  the 
system  is  not  in  use.  The  central  region 
between  the  source  and  UHV  chambers  has 
laser  beam  ports  and  an  ion  detector  for 
molecular  beam  diagnostics. 

The  pulsed,  piezoelectrically-drlven  valve 
(Laser  Technics,  0.6  mm  diameter)  is  operated 
in  a  choked-flow  regime  (effective  diameter  a 
0.2  mm)  because  of  the  small  plunger  move¬ 
ment  (-^30  pm).  Temporal  pulse  widths  were 
typically  100-160  ps.  These  long  pulse 


Figure  4.  Sketch  of  the  Collision  Chamber 
Arrangement  Shown  Schematically  in  Figure  2 
(Top  View) 
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Figure  S,  Schematic  Drawing  Showing  Probe/ 
Surface  Configuratiom  for  (a)  Detecting  Scat¬ 
tered  NO  from  an  Incident  Beam  of  Known 
Compoailion  and  (b)  Detecting  NO  Following 
CID  ofCaFjNO,  C(N0^)4,  etc.  (ID  «  channel- 
Iron).  The  t  =  0  pulse  (darkened)  appears 
concomitantly  with  the  firing  of  the  probe 
beams,  and  is  probably  due  to  photons  striking 
the  channeltron.  These  arrangements  are  used 
to  eatimate  the  CID  efficiency. 

durations,  as  well  as  velocity  Inhomogenelties 
in  the  leading  and  trailing  edges  of  the  beam, 
precluded  meaningful  velocity  analyses  of  the 
scattered  beam.  In  order  to  quantify  the  veloc¬ 
ity  distribution  of  the  incident  beam,  NO  was 
seeded  in  a  light  carrier  (e.g,,  1  percent  in  He) 
and  detected  state  selectively  (see  below)  at 
two  points  spaced  20  cm  apart  along  the  beam 
axis,  i.e..  In  the  center  of  the  buffer  chamber 
and  10  mm  from  the  surface  In  the  scattering 
chamber.  By  recording  the  NG  density  profiles 
at  those  points,  the  velocity  distribution  could 
be  obtained  quite  accurately,  and  leading  and 
trailing-edge  effects  were  seen  to  be  minor.  In 
addition,  the  steep  dependence  of  the  CID 
probability  on  EindJetit  discriminates  against 


the  lower  velocities  in  the  incoming  beam.  We 
conclude  that  contributions  from  velocity 
inhomogeneities  in  the  beam  pulse  are  within 
the  experimental  uncertainty  of  the  Einoident 
measurements,  as  discussed  below. 

The  valve  was  mounted  on  an  XYZ  trans¬ 
lation  stage  and  could  be  resistlvely  heated  to 
120"C  continuously  under  normal  operating 
conditions,  and  heated  intermittently  to  160*C 
using  differential  heating.  Tho  main  problem 
encountered  at  high  temperatures  was  failure 
of  the  glue  that  holds  the  plunger  to  the 
piesoeleotric  diec.  The  expansion  was  skimmed 
using  thin  nickel  electroformed  skimmers 
(Beam  Dynamics,  0.8-1. 5  mm  orifices),  and  the 
optimal  nozsle-skimmer  distance  (typically  12- 
16  mm)  depended  on  the  skimmer  orifice  and 
the  nozzle  throughput.  The  skimmed  beam 
was  ihrther  collimated  by  a  1.2  mm  x  4.0  mm 
slit  as  it  entered  the  main  scattering  chamber. 

The  incident  molecular  beam  was  scat¬ 
tered  h‘om  a  cleaved,  single-crystal  MgO(lOO) 
surface  (Atomorgic,  10  mm  x  10  mm  x  1  mm). 
The  beam  was  scattered  from  the  center  of  the 
surface  and  its  dimension  at  the  surface  was 
1,6  mm  X  6.0  mm.  The  crystal  was  x-ray 
analyzed  in  order  to  determine  the  plane  and 
azimuthal  directions  prior  to  mounting.  Once 
inside  the  UHV  chamber,  the  crystal  was 
annealed  at  1100-1200  K  for  several  hours,  and 
fast  Ar-atom  bombardment  (Ion  Tech)  was 
sometimes  used  to  clean  the  surface  before 
thermal  annealing.  The  crystal  holder,  which 
was  made  of  tantalum  and  molybdenum, 
provided  for  resistive  heating  of  the  crystal  up 
to  1600  K. 

This  arrangement  and  cleaning  proce¬ 
dure  resulted  in  reliable  He  diffraction  patterns 
and  a  sharp,  background-free  Xe  scattering 
angular  distribution  (8"  FWHM  at  Einotdant  " 
2.1  eV),  as  shown  in  Figure  6.  Although  He 
dliTraction  was  characterized  by  a  substantial 
amount  of  incoherent  elastic  background,  as 
expected  for  cleaved  surfaces,*^  Xe  scattering 
was  essentially  background-free,  indicative  of 
an  atomically  clean  surface,  as  seen  by  tho 
physically  large  and  heavy  collider.  In  order  to 
ensure  surface  cleanliness  (adsorbate-free  and 
direct  scattering  conditions),  the  surface  tem¬ 
perature,  Tu,  was  maintained  at  600  K  during 
all  experiments,  except  those  in  which  Ty- 
dependences  were  investigated.  None  of  the 
results  reported  here  depended  strongly  on 
temperature  in  the  range  400-300  K,  reflecting 
the  impulsive  nature  of  the  scattering  process. 
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Figure  6,  Scattering  ofXe  with  K  ^  2,1  eV  from  (a)  a  Dirty  Surface  and  (b)  a  Clean  Surface 


although  proUminury  meuyurcMiientB  in  our 
laboratory  indicate  that  diaBociutlon  orflcioncy 
increasoB  with  T,,  particularly  above  700  K.^ 

The  beam  wuh  Hcuttered  from  the  eurface 
center,  and  as  mentioned  above,  the  geome- 
triea  ofthe  akimmor  and  ulit  roHultod  in  a  beam 
ehape  at  the  Hurfuce  which  could  be  approx¬ 
imated  by  u  1.6  mm  x  6.0  mm  rectangle— 
meaningfully  smaller  than  the  effective 
(weighted  by  a  cosine  projection  factor)  surface 
dimensions  (7.6  mm X 10  mm).  The  rectangular 
beam  offoru  several  udvantagos  over  u  circular 
one:  (a)  the  rectangular  shape  matches  the 
shape  and  urea  of  the  rotating  square  surface, 
while  scattering  from  the  surface  holder  in  the 
slit  lateral  plane  (scattering  plane)  is  avoided; 
(b)  increasing  the  beam  sl/.e  in  the  slit  longi¬ 
tudinal  direction  provides  larger  signals,  while 
not  degrading  the  in-plune  angular  resolution; 


(c)  the  rectangular  density  profile  approxi¬ 
mately  mutches  the  effective  ionisation  zone, 
since  the  probe  laser  is  mildly  focused  (160  cm 
focal  length),  resulting  in  an  increased  depth  of 
fieid. 

Xe  Scattering 

We  found  that  Xe  scattering  at  Kinddent 
values  of  1-6  eV  was  quite  useful  for  character¬ 
izing  surface  conditions  for  collisions  of  heavy 
molecules  with  the  surface.  The  angular  scat¬ 
tering  width  narrows  with  increasing  ^incident 
(e.g.,  8“  KWHM  at  2.1  oV  vs.  6*  FWMM  at  3.6 
eV)  without  uny  background  contribution.  At 
such  energies,  no  surface  damage  was 
observed,  as  opposed  to  fust  atom  bombardment 
with  Einddunt  2!  10  oV.’^  We  also  studied  the 
scattering  of  lower  energy  Xe  atoms  (Einuiduiu 
=  2.1  eV)  from  partially  contaminated 
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Figure  7.  NO  2. Photon,  2> 

Frequency  PhotolonUalion  Spectra,  (a)  NO  U 
detected  12  mm  from  the  610  K  surface  ueing 
C^FjNO  at  Eineidtni  =  6  eV.  (h)  NO  is  scattered 
inelastically  from  the  460  K  surface  at 
=:  0,9  eV,  ic)  A  room -temperature,  static  NO 
sample  can  he  used  for  calibrations. 


300  K  NO,  which  Ih  uiwuyti  good  lo  huvo  on 
hand  for  culibrullon  und  coniparinonH. 

U  ahould  bo  poinlod  out  that  the 
inudvortant  dotoctlon  of  NO  as  a  photodis¬ 
sociation  product  (i.o,,  ItNO  +  hv(226nni)  «+ 
R+  N0(X21I),  followed  by  NO(Xf!l)  + 
hv(226  nm)  NOiA’^S);  NO(A^i:)  + 
hv(280  nm)  ->  NO"^  +  o)  Is  u  3-photon  process, 
requiring  two  22A  nm  photons,  and  its 
probability  is,  Lheroforc,  nogligiblo  under  the 
present  oxpurimontui  conditions.  An  expori- 
monlai  vorification  of  this  is  given  in  tho 
Experimental  Hosults  section,  In  the  pre.^ont 
experiments,  'i-photon  phutoionizatlon  with 
two  226  nm  photons  was  <  1  percent  us  efricient 
as  2-photon  226  +  28U  nm  photoionisation. 

'Pho  probe  beuins  entered  tho  main  scat¬ 
tering  chamber  from  the  bottom  through  a  6cm 
diameter  sapphire  window,  crossing  tlie 


scattering  plane  at  right  angles,  for  an  in-plane 
angular  resolution  of  approximately  8”  and  full 
integration  out  of  plane  (i.e.,  along  the  long 
dimension  of  the  rectangular  scattered  beam 
profile).  For  increased  angular  resolution,  the 
laser  beams  were  moved  as  much  as  4  cm  from 
the  surface.  Both  probe  beams  were  either  col¬ 
limated  or  mildly  focused  using  a  150  cm  focal 
length  lens.  Ions  were  collected  with  a  channel- 
tron  (Galileo)  whose  output  was  amplified, 
digitized,  and  sent  to  the  computer  system. 

Controlling  and  Varying  Einddvnt 

Etnuident  values  fur  the  heavy  molecules 
were  varied  using  aerodynamic  acceleration  in 
seeded  beams  (H2  or  He  carriers)  with  small 
amounts  of  Ar  used  for  deceleration.  Typical 
dilution  ratios  in  H2  or  He  were  1:300  to  1:600. 
Nozzle  heating  was  limited  to  about 
because  of  CaF7NO  thermal  decomposition; 
10  percent  dissociation  at  96*'C  was  observed. 
Thus,  ail  Einoident  valuos  up  to  6  eV  were 
obtained  with  the  nozzle  at  room  temperature. 
Beam  velocities  were  determined  using  the 
TOF  technique,  measuring  the  time  delay 
between  tho  valve’s  electrical  trigger  und  the 
peak  of  the  gas  pulse  arriving  at  the  QMS 
ionizer,  located  76  cm  downstream  from  the 
nozzle  orifice.  Reliable  measurements  wore 
esQontial  due  to  the  existence  of  considerable 
velocity  slip  in  seeded  beams  with  mass  ratios 
as  high  as  100.'"  Tho  main  problem  arising  in 
accurate  TOF  measurements  using  the  hasur 
Technics  pulsed  valve  was  estimating  the 
electromechanical  response  time.  Since  it  was 
found  that  this  delay  depends  on  plunger 
amplitudn  und  bucking  prossuro,  each  TOF 
measurement  was  preceded  by  a  set  of  calibra¬ 
tion  measurements  with  neat  He  and  Ar  beuins, 
for  which  the  terminal  supersonic  velocities  fur 
300  K  expansions  are  known.  Tho  Ion  TOF  in 
the  QMS  was  calculated  iteratively  and  sub¬ 
tracted  from  tho  measured  delay.  Wo  have  also 
compared  the  kinetic  onergiesdetermined  using 
this  procedure  with  the  more  accurate  taser- 
TOF  measurements,  where  the  beam  contour 
was  obtained  using  NO  photoionizution  vs.  the 
vulve-luHor  delay  at  points  along  the  bourn 
path  20  cm  apart,  as  described  above.  Good 
agreement  between  tho  two  methods  was  fond 
when  compared  for  different  H2/NO  mixtures. 

Fhotodissoeiatlon  of  Expansion-Cooled 
C3F7NO 

The  experimental  arrangement  that  was 
used  to  study  the  collision-free  1 -photon 
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photoly&is  of  expansion-cooled  CaF7NO  has 
been  described  previously,  and  only  those 
aspects  germane  to  the  present  measurements 
are  given  here.  A  schematic  drawing  is  given 
in  Figure  8.  A  pulsed  nozsle  (Laser  Technics, 
0.6  mm  diameter)  was  used  to  expand 
HB:C3F7N0  samples  (typically  100:1)  into 
the  LIF  chamber,  which  was  maintained  at 
^10'^  Torr.  Care  was  taken  to  purify  samples 
immediately  prior  to  use,  in  order  to  minimize 
NO  contamination.  A  standard  pump-probe 
conilguration  allowed  nascent  NO(X^n)  to  be 
detected  at  variable  delays  following  pho¬ 
tolysis  throughout  the  visible/near-IR  n^^-n 
system  using  tho  output  from  a  tunable  dye 
laser.  NO  was  detected  via  1 -photon  laser- 
induced  fluorescence  (LIF)  using  the 
A^iJ^-X^riY-system.  The  probe  laser  energies 
were  maintained  below  40  pJ  pulse'^  to  avoid 
saturation  of  the  transition  and  dissociation  of 
CaFvNO  by  226  nm  radiation.  Fhotofragment 
yield  spectra  were  obtained  by  positioning  tho 
probe  laser  at  the  Pi  i  bandhead  and  scanning 
the  photolysis  laser.  Room  temperature 
absorption  spectra  were  taken  with  a 
Shimadzu  UV-visible  spectrophotometer. 


elation  experiments,  samples  of  ^  1  percent 
C3F7NO  seeded  in  -SOO  Torr  He  were  prepared 
daily  in  a  blackened  glass  bulb.  C3F7NO  was 
stored  at  77  K  and  was  purified  by  trap-to-trap 
distillation  to  minimize  NO  contamination. 
Although  NO  could  not  be  completely 
eliminated,  expansion-cooled  NO  is  limited  to 
a  few  states  (i.e.,  X^ni/2,  J"  ^  4.5).  Care  was 
taken  to  avoid  this  region  of  the  spectrum. 

C6F5NO  was  used  as  supplied  by  PCR  and 
refrigerated  when  not  in  use.  H2  carrier  was 
flowed  through  the  nozzle,  which  contained  a 
piece  of  the  solid  material.  The  seed  ratio  could 
be  controlled  by  changing  the  carrier  backing 
pressure  or  heating  the  sample  to  increase  its 
vapor  pressure.  The  measured  300  K  vapor 
pressure  was  -2  Torr. 

TNM  (98  percent)  was  used  as  supplied  by 
Aldrich  and  refrigerated  when  not  in  use. 
Approximately  0.5  ml  was  placed  in  a  stainless 
steel  liquid  vessel  through  which  the  carrier 
gas  was  flowed.  As  with  CaFsNO,  the  seed 
ratio  could  be  controlled  by  changing  the 
carrier  backing  pressure.  The  300  K  vapor 
pressure  is  approximately  12  Torr. 


The  n*4-n  systems  of  both  n-C3F7NO  and 
i-C3F7NO  extend  from  the  visible  to  the  near- 
IR.  It  is  known  that  St  decays  non-radiatively 
in  these  systems,  and  following  the  extensive 
work  done  with  similar  systems,’^  unimolecu- 
iar  decomposition  on  Ti  and/or  So  is  anticipated. 

Sample  Handling  and  Purification 

For  the  CID  experiments,  C3F7NO  was 
used  us  supplied  by  Fluorochem,  without 
further  purification.  Checks  were  made  peri¬ 
odically  for  NO  contamination  by  probing  the 
incident  molecular  beam.  For  the  photodisso- 


Figure  8,  Schematic  Drawing  of  the  Pump- 
Probe  Experimental  Arrangement  Used  in  the 
CoUiston-Eree,  1 -Photon  C3F7NO  Photolysis 
Experiments. 


EXPERIMENTAL  RESULTS 

Collision-Induced  Excitation  and 
Dissociation 

The  high  S/N  shown  in  Figure  7(a)  was 
typical  of  results  obtained  in  the  CID  experi¬ 
ments,  and  therefore  it  was  straightforward  to 
obtain  NO(X^n)  V,R  and  spin-orbit  distribu¬ 
tions  under  a  variety  of  conditions.  No  marked 
A-doublet  propensities  (Hand’s  case  (b)  regime, 
J”  2  16.5)  were  observed,  so  this  matter  was 
not  pursued.  For  the  case  of  C3P7NO,  where 
our  data  base  is  most  complete,  both  normal 
and  iso  confomers  were  used,  yielding  similar 
results,  in  accord  with  the  small  difference  in 
Do  values  (40.8  and  39.4  kcal  mol'  ,  respec¬ 
tively).  Thus,  no  attempt  was  made  to  explore 
differences  between  n-C3F7NO  and  i-C3F7NO 
in  the  Cl  D  experiments. 

It  should  be  emphasized  that  all  measure¬ 
ments  are  of  relative  NO  state  densities.  Those 
measured  populations  are  not  the  same  as  the 
relative  rates  of  C3F7NO^  decomposition  into 
the  different  product-state  channels.  The  latter 
is  a  fundamental  quantity  in  the  C3F7NO  c.m. 
system,  while  all  measurements  are  done  in  the 
lab  system.  Namely,  the  CID  measurements 
detect  those  species  having  small  lab  speeds 
more  efficiently  than  their  faster  counterparts. 
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since  the  slower  frafpnents  accumulate  higher 
densities.  Therefore,  we  expect  the  nascent 
NO  internal  state  distributions  that  derive 
team  reaction  (1)  to  be  somewhat  hotter  than 
the  measured  liopulations  reported  below. 


C3F7NO  +  Mg(lOO)  +  E|noltfsnt-^C3F7  -f  NO 

The  measured  NO(X^n)  internal  state  dis¬ 
tribution  associated  with  the  spectrum  shown 
in  Figure  7(a)  is  presented  in  Figure  9,  along 
with  distributions  obtained  at  two  additional 
Binoidant  values,  S  and  6  eV.  Although  NO  rota¬ 
tional  excitation  rises  slightly,  it  is  hardly  a 
marked  effect.  More  striking  is  the  change  in 
dissociation  probability  that  occurs  over  this 
range.  Figure  10  summarizes  data  obtained 
over  a  6-month  period,  using  both  n-CaFvNO 
and  i-C3F7NO,  and  the  technique  described  in 
Section  II  and, shown  in  Figure  5  for  obtaining 

relative  NO(X^n)  densities  at  different  Einoidant 

values.  The  sharp  rise  in  dissociation  probabil¬ 
ity  is  striking,  as  are  the  rather  high  values—up 
to  9  percent,  albeit  with  an  uncertainty  of  as 
much  as  a  factor  of  2  in  the  absolute  percentages. 


There  was  little,  if  any,  dependence  of  the 
measured  NO  internal  state  distributions  on 
Tg,  as  shown  in  Figure  11.  This  is  not  surpris¬ 
ing  in  light  of  the  weak  E|itcidist)i‘‘(i<»P«'^<ifince 
shown  in  Figure  9,  After  all,  at  the  classical 
turning  point  of  the  molecule-surface  interac¬ 
tion,  vibrational  kinetic  and  potential  energies 
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Figure  9.  Cll)  of  n^C^FjNO  at  Values 

of  3, 5,  and  6  eV  (T^  =  600  K).  Relative  (a),  (h), 
and  (c)  populations  are  not  given;  i.e.,  the 
vertical  axes  are  offset  from  one  another 
arbitrarily. 


of  the  incident  molecules  and  a  number  of 
adjacent  atoms  of  the  lattice  are  coupled.  Thus, 
from  Figures  9  and  10,  one  anticipates  that  NO 
populations  will  display  a  weak  Tg-dependence, 
but  that  the  dissociation  probability  will  show 
a  quite  measurable  dependence,  particularly 
near  threshold,  as  is  observed  experimentally.” 

Finally,  there  is  the  possibility  of  photo¬ 
dissociation  of  molecules  that  are  vibt'ationally 
excited  following  Inelastic  scattering  from  the 
surface.  To  test  this  experimentally,  the 
product  1226*^280  varied,  where  1226(280)  it* 
the  probe  fluence  at  226(280)  nm.  The  linear 
variation  shown  in  Figure  12  indicates  that 
only  two  photons  are  involved  in  producing 
NO*^,  thus  eliminating  the  possibility  of 
unwanted  C3F7NO  photodissociation  with 
either  of  the  probe  beams. 

CeFyNO  +  MgO(lOO)  +  EI|ncldcn(*^C6P8  +  NO 

For  the  sake  of  brevity,  these  results  are 
summarized  zuccincUy  as  follows;  (i)  Dissocia¬ 
tion  was  observed  and  nascent  NO(X‘‘‘n)  was 
detected,  Just  as  with  C3F7NO.  (ii)  The  CID 
efficiency  was  much  smaller  than  for  the  case 
of  C3F*7N0  at  all  values  of  Bincidtnt-  'I'bis  was 
expected;  the  aromatic  skeleton  is  much  stilfer 
than  that  of  C3F7NO.  (ill)  NO  state  distribu¬ 
tions  were  similar  to  those  shown  in  Figures  9 
and  11.  (Iv)  A  large  number  of  ions  were 
produced  by  the  Impulsive  impact— at  least  a 


C3F7NO/MgO(100) 


Figure  10.  Dissociation  Probability  Vs. 
Fincidtnl  fur  both  n'C^FyNO  and  i-CuFjNO;  Dq 
—  1.71  and  1 .87  eV,  Respectively 
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NO  Rotttional  Energy  (oin*i ) 

Figure  It.  cm  ofn-CsFjNO  at  T,  Values  ofK 
(Fincidtnt  -  S  O  eV).  Relative  (a),  (b),  an4 
(c)  populations  are  not  given;  i,e,  the  vertical 
axes  are  offset  from  one  another  arbitrarily. 

hundradfold  more  then  wilh  C3F7NO  at  the 
same  value  of  Ei„cident'  However,  oven  with 
the  relatively  smaller  dissociation  probabil¬ 
ities  and  large  ion  yields,  (ions HI  neutral 
fragments)  for  the  case  of  CgFaNO. 

G(NOa)4-«-MgO(l(K))-t- 
®*lncld*nt“*C(N0g)30  +  NO 

Tetranltromethane  has  been  studied  in 
the  gas  phase  by  Capellos  and  co-workers,  who 
showed  that  UV  excitation  near  248  nm  resuils 
in  the  formation  of  electronicaliy  excited 
N02(*13a)  a  nascent  product.'^  In  this  case, 
the  full  6  eV  photon  energy  is  implanted  as 
Initial  TNM  excitation,  and  the  observation  of 
vibrationaily-excited  NOai^Ha)  is  attributed  to 
initial  excitation  remaining  localized  at  an 
NO2  moiety  during  the  rapid  ensuing  frag- 


Fluence  Dependence 


NO'*'  Signal  <arb.  units) 


Figure  12.  The  Linearity  of  the  NO'*'  Vs, 
hsB'hso  Fiot  Indicates  that  NO  is  not  Produced 
Photolytically 

mentation,  in  contrast,  the  present  experi¬ 
ments  probe  lower  energies,  namely,  those  Just 
above  Oq.  Here,  on  the  ground  PES,  one  must 
consider  the  possibility  of  isomerization,  as  is 
well-known  for  nitroalkanes,**  This  can  be 
followed  by  simple  bond  fission,  in  this  case 
producing  CINOglaO-i*  NO,  which  is  favored 
energetically  over  the  CfNOala  +  NO2  channel. 

Indeed,  we  have  observed  nascent  NO 
following  CID  of  TNM  at  several  Eineidmi 
values.  A  representative  spectrum  and  the 
corresponding  NO  stale  distribution  are  shown 
in  Figure  13.  Although  we  have  not  yet 
collected  as  many  data  as  with  C3P7NO,  the 
S/Ns  are  comparable  and  the  observed  channel 
is  clearly  a  major  reaction  pathway,  although 
possibly  not  the  only  one.  This  result  further 
underscores  the  generality  of  the  method  and 
the  efficacy  of  energy  exchange  in  the  hyper- 
thermai  energy  regime.  Although  we  have  not 
yet  ensured  (as  in  Figure  12)  that  NO'*’  derives 
solely  from  a  2-photon  process,  the  280  nm 
absorption  is  rather  weak  (see  Figure  14),  and 
if  NO  were  deriving  from  NO2  photodissoci¬ 
ation,  the  resulting  dissociation  efficiencies 
would  be  unrealistically  large. 

2-Methyl, 5-Vinyl  Tetraxoie:  A  Somewhat 
Energetlo  Polymeric  Binder 

in  its  poiymeric  form,  MVT  is  somewhat 
more  energetic  than  other  hydrocarbon  binders 
used  in  gun  propellants  and  explosives.  It  was 
first  synthesized  by  Henery,*°  and  Mishra  et 
al.^^  discovered  tha.'.  an  energetic  binder  poly¬ 
mer  blend  composed  of  poly-2-methyl-5-vinyl 
tetrazole  and  polyethylene  glycol  selectively 
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Figure  13,  ( Upper)  NO  Spectrum  from  the  CID 
of  TNM;  (Lower)  Correeponding  Rotational 
Stale  Dietribulion 


wavelength  (nm) 


Figure  14.  UV  Abnorption  Spectra  of  TNM 
(from  Reference  13) 


desenBitized  explosives  containing  nitramines 
and  was  less  violent  to  shaped  charge  jet  attack 
upon  a  LOVA  gun  propellant.^"  These  results 
led  Mishra  et  al.  to  look  for  hitherto  unknown 
modes  of  rapid  energy  dissipation  and  storage 
in  these  binders. 

MVT  molecules  were  accelerated  to  a 
maximum  kinetic  energy  of  3.6  eV,  and  mass 
spectra  and  fragment  intensities  were  mea¬ 
sured  for  both  direct  and  scattered  beams,  for 
surface  temperatures  between  600  and  726T. 
Since  NO  is  not  a  product  of  MVT  decompo¬ 
sition,  it  was  necessary  to  carry  out  all  product 
analyses  using  mass  spectroscopy.  In  compar¬ 
ing  fragmentation  in  the  direct  beam  with  that 
in  the  scattered  beam,  one  needs  to  account  for 
small  differences  between  the  similar  QMS 
probes.  In  order  to  eliminate  these  dilTerences, 
we  used  the  same  probe  for  both  the  direct  and 
scattered  beam  moasuromonts. 

Mass  spectra  for  the  direct  molecular  beam 
differed  fVom  those  obtained  under  100-200”C 
bulk  conditions.  The  bulk  spectra  were  taken 
with  a  similar  QMS  working  at  the  same 
electron  energies  (30,  60,  and  70  eV)  and  mass 
resolution,  The  main  differences  between  the 
molecular  beam  and  bulk  spectra  are  for  the 
mass  ratio  M(82)/M(64),  which  Is  lower  by  a 
factor  of  *^4  with  the  molecular  beam,  Tempera¬ 
ture  effects  were  also  observed  in  the  bulk  mass 
spectra  over  the  range  100-200‘'C,  and  all  such 
variations  are  tentatively  attributed  to  the 
influence  of  parent  vibrational  energy  on  mass 
spectrometer  cracking  patterns.  Such  depend¬ 
ences  are  to  be  expected  for  large  energetic 
species  like  MVT,  and  need  to  be  understood 
before  evaluating  the  relative  roles  of  collision- 
induced  vibrational  excitation  and  dissociation, 

The  scattered  beam  angular  distribution 
was  nearly  specular,  Indicative  of  an  impulsive 
molecule-surface  interaction  (i.e.,  no  sticking). 
This  was  superimposed  on  a  weak,  diffuse 
background.  Mass  spectra  wore  scanned  at  the 
specular  angle  (22.5°),  The  main  ilndlngs  from 
the  scattered  beam  mass  spectra  can  be  sum¬ 
marized  as  follows:  (a)  The  molecular  peak  at 
llOamu  disappeared  completely  (within  the 
detection  limits)  in  the  scattered  beam  mass 
spectra,  as  shown  in  Figures  16  and  16.  In 
order  to  quantify  this,  we  compared  the  signals 
at  82  and  110  for  both  the  direct  and  scattered 
beams.  For  the  direct  beam,  M(82)/M(  11 0)  -  10, 
while  for  the  scattered  beam,  M(82/M(110)  > 
1000,  i.e.,  M(llO)  is  essentially  undetectable. 
The  temperature  required  to  produce  so  large  a 


1093 


I 


Signal  (aib.  units) 


S4  82  110 

mass  (amu)  — ► 


Figure  J6.  Maee  Spectrometer  Signale 
Showing  the  Vnecattered  and  Scattered  MVT 
Beame.  Note  in  (b)  that  the  peak  corresponding 
to  the  parent  is  absent, 
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Figure  16,  Time-Resolued  Mass  Spectrometer 
Signals  Showing  Parent  (110)  and  Daughter 
(62)  Peaks,  Note  the  almost  complete  loss  of  the 
signal  at  1 10  amu. 


ratio  would  probably  exceed  1000  K.  (b)  The 
ratio  of  signals  M(82)/M(54)  varies  with  surface 
temperature,  from  ~1 .6  at  600‘C  to  ~6  at  725^C. 

C3F7NO  +  hv-»C3F7  +  NO:  Nascent 
NO(X“n) 

Both  n-CaPvNO  and  i-CaFijfNO  display  the 
usual  prominent  visible/near-IR  n*4~n  absorp' 
lions  characteristic  of  RNO  species.  Room 
temperature  absorption  spectra  (emax  22.7) 
showing  barely  resolvable  structure  are 
presented  in  Figure  17,  where  NO  fragment 
yield  spectra  obtained  using  oxpansion-cooled 
samples  are  seen  to  sharpen  this  structure  for 
the  case  of  i-CsFvNO.  With  UC3P7NO,  the 
yield  spectrum  seems  to  follow  the  small  bumps 
in  the  300  K  absorption  profile,  turning  on  near 
680  nm,  at  the  rising  edge  of  the  n**-n  uy stein. 
The  lowest  accessible  K'  values  are  1 600  cm' ' , 
limited  most  probably  by  the  n'*'4-n  absorption 
strength.  In  all  cases,  measured  reaction 
lifetimes  are  <  200  ns,  dropping  slightly  with 
increasing  E'  to  values  '^100  ns  near  values 
of  4600  cm'^  These  short  lifetimes  lead  us  to 
believe  that  dissociation  takes  place  Orom  Tj. 
This  is  consistent  with  RIIKM  calculations. 
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Figure  17.  300  K  Absorption  Spectra  and  NO 
Yield  Spectra  for  i-C^FjNO  and  n-C^FjNO 
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In  contrast,  yield  spectra  obtained  using 
n-C3P7NO  show  a  marked  increase  in  signal 
with  decreasing  photolysis  wavelength,  in  a 
part  of  the  spectrum  where  the  room  tempera¬ 
ture  absorption  is  decreasing  with  decreasing 
photolysis  wavelength.  Unlike  i-C3K7NO,  the 
NO  yield  is  negligible  where  the  ii*4-n 
absorption  is  strongest,  rising  sharply  only  on 
the  high  energy  side  of  the  peak  of  the  room 
temperature  abaorptio,n  spectrum.  Since  Si 
decays  non-radiatively  (i.e.,  there  is  essentially 
no  parent  LIP'),  this  Indicates  that  n-CaP'7NO 
molecules  just  above  Oq  do  not  dissociate 
within  the  time  frame  of  the  pump-probe 
delays  used  in  these  measurements,  ^  1  pa. 
This  is  consistent  with  n-CyP'7NO  existing  on 
So,  where  the  long  unimolecular  decay  times 
(I.e.,  estimated  using  RRKM  theory)  preclude 
the  possibility  of  reaction  on  a  ^  1  ps  time 
scale.  Therefore,  dissociation  on  So  is  a  dark 
channel  in  the  photodlssociation  experiments. 

The  observed  rise  in  the  n-GnP^NO  NO- 
yield  spectrum  can  be  rationalized  in  several 
ways.  One  explanation  involves  a  competition 
between  dissociation  on  Ti  (which  may  or  may 
not  have  a  small  exit  channel  barrier)  and 
Intersystem  crossing  (ISC)  fPom  Tj  to  So.  If. 
with  increasing  E',  the  Ti  reaction  rate 
Increases  faster  than  the  ISC  rate,  dissociation 
via  Ti  will  rise  with  E  \  Since  slow  dissociation 
on  So  is  a  dark  channel,  only  products  reacting 
on  Ti  will  be  observed.  In  this  case,  the  rise  in 
the  yield  spectrum,  despite  the  fall  in  the  room 
temperature  absorption  spectrum,  reflects  the 
ratio  of  the  two  rates  out  of  T| . 

Another  possible  explanation  for  the  rise 
in  the  product  yield  spectrum  is  a  competition 
between  reactions  that  transpire  via  the  zeroth- 
order  So  and  Ti  surfaces.  Namely,  Just  above 
Do  a  barrier  on  Ti  blocks  this  channel,  as  has 
been  seen  previously  for  the  case  of  t-UuNO.'* 
Thus,  reactions  occur  solely  on  So,  and  the 
corresponding  small  unimolecular  decomposi¬ 
tion  rates  render  this  channel  'dark*  in  the 
present  experiments.  Above  the  Ti  barrier, 
there  is  competition  between  the  two  channels; 
Ti-^products,  and  Tj-^So,  with  dissociation 
via  T|  increasing  with 

In  either  of  the  above  cases,  we  note  that 
calculated  reaction  rates  for  T|  are  much 
larger  than  those  for  So  at  the  uame  energies 
relative  to  the  respective  exit  channel  barriers. 
Thus,  we  conclude  that  the  observed  NO  frag¬ 
ments  are  due  to  dissociation  via  T|. 


NO  internal  state  distributions  were 
obtained  at  several  values  of  E"  for  both  n- 
C3F7NO  and  i-C3F7NO,  as  shown  in  Figures  18 
and  19.  The  NO  is  produced  predominantly  in 
v"  s  0  (<  1  percent  v"  ^  1).  The  solid  lines 
correspond  to  calculated  statistical  distribur 
lions  (priors)  of  product  excitations  at  fixed  B‘ 
values.'^  Details  of  the  calculations  will  be 
published  elsewhere.  For  the  prior  diitribu- 
tions,  each  spin-orbit  state  is  separately  normal¬ 
ized  to  the  data  and  the  true  relative  spin  orbit 
populations  are  as  shown  in  the  figures  (i.e., 
the  populations  of  each  of  the  spin  orbit  states 
are  statistical,  but  the  spin-orbit  ratio  is  non- 
statistical),  The  remarkably  good  fit,  with  the 
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Figure  18,  For  the  Case  of  i-CaFjNO  Photo¬ 
dissociation,  All  of  the  Measured  NO  State 
Distributions  Obtained  at  Different  E'  Fit  the 
Corresponding  Prior  Distributions, 
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Figure  19.  For  n  C^FfNO,  the  NO  Rotational 
Distribution  Obtained  at  the  Highest  E*  Does 
Not  Fit  a  Prior  Distribution. 
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exception  of  the  higher  excess  energies,  is  con¬ 
sistent  with  previous  results,  in  which  Sq 
and/or  Ti  were  implicated  as  the  reactive 
surfaces,  following  radiationless  decay  of  Si.  ^ 
One  possible  explanation  for  the  nonstatistical 
behavior  at  higher  E*  (i.e.,  n-CaF^NO  at 
3800  cm  ')  is  direct  dissociation  from  Si  over  a 
barrier.  Since  the  rotational  distributions  at 
lower  B*  were  statistical,  by  fitting  the  lower 
energy  prior  distributions  to  the  best  fit  of  E' , 
Do  could  be  obtained.  For  i-CaF^NO,  Du  = 
13200  i  100cm‘'  and  for  n-CaF7NO,  Do  = 
13670  ±  100cm’*. 

The  correspondence  between  the  CID  and 
photolysis  results  is  shown  in  Figure  20,  where 
one  sees  that  the  CID  distributions  are  not  far 
from  those  observed  at  low  In  the  photolysis 
experiments.  Since  the  latter  react  via  a  long- 
lived  intermediate— at  least  at  low  B'— it  is 
clear  that  the  CID  results  are  consistent  with  a 
unimolecular  decomposition  mechanism,  in 
this  case  probably  via  T|,  with  little  or  no  exit 
channel  barrier,  However,  it  is  very  difficult  to 
make  a  direct  comparison  between  the  two 
experiments.  The  photodissociation  experi¬ 
ments  are  done  at  a  specific  B'  and  the  CID 
experiments  are  done  at  a  distribution  of 
values,  the  incident  kinetic  energy  being  an 
upper  limit. 

DISCUSSION  AND 
CONCLUSIONS 

The  main  features  of  the  work  reported 
here  are  purely  experimental— direct  obsorva- 
tions  of  molecule-surface  CID,  variations  of 
measured  NO  internal  slate  distributions  with 
Eincidani  und  'L,  variations  of  the  dissociation 
probability  with  Einoidunt  end  T^,  observation  of 
the  isomerisation  pathway  in  the  case  of  TNM, 
excitation  and  possible  dissociation  in  MVT, 
etc.  It  appears  that  the  method  is  general, 
dissociation  can  be  efficient,  and  that  low- 
energy  pathways  are  followed.  Thus,  we 
envisage  a  technique  that  cun  be  applied  to  the 
study  of  a  number  of  reactive  processes  In 
medium/lurge  polyatomic  molecules,  with 
particular  applicability  to  energetic  molecules 
with  their  charucterisllcully  low  Do  values. 

A  Model  for  Molecule-Surface  CID 
Processes 

In  discussing  possibie  models  that  cun 
rationaliKO  the  present  experimental  observa¬ 
tions,  we  are  less  inclined  to  invoke  entrance 
channel  charge  transfer  mechanisms*^  than 
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Figure  20.  Comparison  Between  NO  Distribu- 
tiona  Obtained  Using  (a)  CID  and  (b)  Photo- 
dissociation  at  E'  ~  1960  cm‘^ 

consequences  of  the  molecular  catastrophe 
brought  about  by  abruptly  converting  Binoidttht 
into  vibrational  kinetic  and  potential  energies 
at  the  classical  turning  point  of  the  molecule- 
surface  collision.  Certainly  the  situation  can 
be  different  for  metals  and  semiconductors,  but 
for  an  insulator  such  us  MgO,  we  envision  a 
purely  repulsive  molecule-surface  interaction 
at  the  high  Binddont  values  reported  here. 
Although  MgO  itself  has  no  electronic  states 
below  -6eV,  RNO  does,  end  low-lying  Si  and 
T]  PESu  are  energetically  accessible  via 
intramolecular  conversion.  However,  as  men¬ 
tioned  above  and  documented  thoroughly  in 
the  literature  for  a  number  of  RNO  species,*** 
the  zeroth-order  Si  state  is  strongly  mixed 
wlthTi  and/or  So:  'F  =  a‘Fm  +  bVso  c*Fti, 
us  evidenced  by  the  very  low  fluoroscenco 
quantum  yield.  Thus,  Si  has  no  legitimate 
separate  identity,  and  we  limit  our  consider¬ 
ations  to  'I'l  and  So,  both  of  which  react  via 
unimolecular  decomposition  mechanisms,  the 
former  with  possibly  a  small  exit-channel 
barrier  and  the  latter  with  no  such  barrier, 

From  the  photodlssuclalion  results  pre¬ 
sented  in  the  last  section,  where  we  tentatively 
concluded  that  the  observed  NO  product 
derived  from  Ti,  it  is  clear  that  Ti  may  also  be 
implicated  in  the  CID  results,  since  the 
nascent  NO  distributions  are  similar,  In  the 
photodissociation  experiments,  the  NO  quan¬ 
tum  yield  was  very  low  (compared  to  that  uf 
CFaNO,  for  example),  while  the  CID 


1096 


eflldencies  are  not  so  low  at  aU.  However,  in 
the  Cl  D  experiments  products  can  accrue  near 
the  surface  over  lOs  of  ps,  while  in  the 
photodisBociation  experiments  observation  was 
limited  to  £  1  ps  after  initiation.  Thus,  So 
may  participate  to  a  greater  extent  in  CID 
than  photodissociation,  and  the  similar  nascent 
product  state  distributions  anticipated  for  both 
Ti  and  Sq  channels  preclude  differentiation  on 
this  basis,  Also,  as  pointed  out  above,  state 
distributions  from  photodissociation  and  CID 
experiments  cannot  be  compared  directly,  since 
the  former  represent  the  microscopic  product 
state  branching  ratios,  while  the  latter  are 
laboratory  densities  that  include  effects  of  c.m, 
transformations,  backsoattered  NO<surface  col¬ 
lisions,  kuni  and  its  space/time  variation  in  the 
lab,  etc.  While  these  efTects  may  not  markedly 
affect  conclusions,  they  should  be  taken  into 
account  In  any  detailed  analysis  of  the  process. 

We  conclude  that  NO  deriving  from 
molecule-surface  CID  has  the  signature  of 
statistical  unlmolecular  decomposition  and 
that  this  probably  implicates  the  low-lying  Ti 
and  So  PESs.  Their  respective  roles  are 
unclear,  but  what  is  clear  Is  that  a  significant 
number  of  incident  molecules  are  excited  above 
Do,  and  that  serious  contortions  of  the 
molecular  frame  occur  during  impact. 

Space  does  not  permit  a  detailed  discus¬ 
sion  of  the  model  whose  applicability  we  are 
presently  exploring,  but  a  few  summary  com¬ 
ments  are  in  order.  First,  we  assume  that  the 
relevant  degrees  of  freedom  are  those  of  the 
incident  and  rebounding  molecule  (e.g., 
C3F7NO)  and  some  'effective  number*  of  lattice 
vibrational  degrees  of  freedom,  say  16-30.  The 
total  energy  available  is  this  microcosm,  which 
we  treat  as  a  microcanonical  ensemble,  is  taken 
to  be  EuiUl  =  Eincident  +  (EvibtMgO)),  where 
the  latter  quantity  is  the  thernially-averaged 
energy  of  the  16-30  effective  MgO  vibrations 
available  during  the  collision.  Thus,  for  a 
given  Etnoldanii  I'he  energy  in  the  rebounding 
molecule,  Eniul,  isTi^-dependent. 

The  simplest  statistical  treatment  gives 
the  formula: 

P(Emol)  ~  PmolfEmoll  ‘  pMgO(Kt<jiai-Bmul)  (4) 

where  P(Einol)  is  the  probability  of  the  rebound¬ 
ing  molecule  having  energy  Bmoi,  and  the  ps  are 
densities  of  stutos.  At  this  point,  the  number  of 
MgO  lattice  vibrations  put  into  the  calculation 
of  PMgO  is  an  'adjustable  parameter',  while 
pmui  is  calculated  fairly  woll  using  a  direct- 


count  procedure  and  good  molecular  vibrational 
frequencies.  This  formula  for  PfEmei)  predicts 
(i)  a  fairly  steep  increase  in  the  variation  of  the 
dissociation  probability  with  Bino,  as  observed 
experimentally;  (11)  Increasing  dissociation 
probability  with  Tg,  more  pronounced  at 
threshold  than  high  Eino,  as  observed  experi¬ 
mentally;  and  (iii)  relatively  little  dependence 
of  the  measured  NO  Internal  state  distribu¬ 
tions  on  Ts,  again  confirmed  experimentally. 
Thus,  we  think  we  are  on  the  right  track. 
Details  will  be  published  separately. 

Possibilities  for  Future  Work 

Clearly,  there  are  a  number  of  twists  and 
variations  that  can  and  will  be  tried  in  the 
future.  For  example,  species  can  be  adsorbed 
on  the  surface  and  subjected  to  high  energy 
impact,  so  that  binary  encounters  can  be 
explored  (e.g,,  MVT  on  the  surface  with  TNM 
Incident,  RDX  oh  the  surface,  Xe  or  I2 
'hammers’,  etc.).  Furthermore,  beams  of  free 
radicals  (NHg,  (CH3)aN,  etc.)  can  attack 
adsorbed  species,  whore  the  radicals  can  be 
either  expansion-cooled  or  prepared  state- 
selectively.  Such  experiments  address  Issues  of 
initiation,  shock,  initial  chemical  steps,  etc, ,  and 
we  hope  they  will  enlighten  us  about  energetic 
material  decomposition  and  sensitivity. 
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DISCUSSION 

S  F  RICE 

FOB  808  L>282,  Livermore,  CA  94550 

Do  you  see  yourself  being  able  to 
ultimately  shoot  RDX  molecules  at  an  RDX 
surface?  Can  you  gel  enough  RDX  in  your 
beam? 

REPLY  BY  C.  WITTIG 

Yes,  we  envision  shooting  RDX  monomers 
at  the  surface,  although  this  is  not  the  very 
next  step  in  our  plans.  First,  we  are  going  to 
put  molecules  on  a  cold  (100  K)  MgO  surface 
and  collide  Xe  or  I2  at  lab  energies  up  to  at  least 
tOeV,  We  will  also  photoinitiate  reactions  in 
surface-bound  molecules.  This  avoids  inherent 
difficulties  in  making  molecular  beams  of  low 
vapor  pressure,  not-tuo-stable  materials.  On 
the  other  hand,  we  can  study  very  interesting 
binary  interactions  such  as  RDX  (surface)  with 
incident  TNM  or  free  radical  beams. 
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MsOdOO)  surfaces,  i.e.,  left  overnight  at  3  x 
ICr®  Terr,  mainly  water  contamination.  The 
combined  effect  of  partial  surface  cleaning  by 
Xe-atom  bombardment  and  the  chemical  inert* 
ness  of  the  MgO(lOO)  surface  resulted  in  quite 
similar  angular  scattering  distributions,  i.e., 
slightly  broader  and  with  some  background. 

beteotori 

Throughout  the  experiments,  we  used  a 
probe  laser  as  the  main  detector,  providing 
state-selective  scattering  distributions  in  the 
energy,  time,  and  space  domains.  In  addition, 
two  quadrupqle  mass  spectrometers  (QMSs) 
were  used  for  measuring  angular  scattering 
distributions  and  time-of-flight  (TOP)  spectrUi 
and  also  served  as  residual  gas  analysers 
(RQAs).  A  channeled  ionisation  gauge  (CVC 
1028)  was  used  as  a  flux  detector  for  the  He 
diffraction  measurements,  The  scattering/ 
detection  arrangement  is  that  of  flxod  detec¬ 
tors  and  a  rotating  crystal.  Ohe  QMS  was  ori¬ 
ented  at  46**  relative  to  the  incident  molecular 
beam,  26  cm  from  the  surface,  and  was  equipped 
with  a  collimator  to  give  I.!**  resolution  both  in 
and  out  of  the  scattering  plane.  A  second  QMS 
was  placed  in-line  with  the  moiecular  beam  for 
beam  diagnostics,  and  incident  kinetic  energy 
measurements  using  the  TOP  tochnlque.  The 
channeled  ionisation  gauge  was  mounted  at 
90"  relative  to  the  beam  direction,  Its  entrance 
aperture  was  a  rectangular  duct  with  dimen¬ 
sions  1 S  mm  X  2,6  mm  (sides)  and  12  mm  length, 
providing  high  signal  flux  detection  (beam 
trapping)  with  an  inherent  response  time  of  17 
ms,  both  measured  and  calculated.  Under 
those  conditions,  operating  the  pulsed  valve  at 
40  H?,  resulted  in  a  periodic  exponential  signal 
having  a  duty  cycle  of  ‘-1/2  and  high  Intensity 
in  the  first  harmonic,,  thus  giving  a  nice 
diffraction  signal  using  a  lock-in  amplifier 
(PAR  HR-8). 

Laser  Detection 

NO  wuo  detected  state-selectively  using 
2-i)hoton, 2-frequency  ionisation  via  the 
A^E^-X^riy-system;  several  pJ  of  radiation 
near  226  nm  and  ‘"I  mJ  of  ioniicing  radiation 
near  280  nm  resulted  in  a  sensitivity  of  approx¬ 
imately  Terr  per  quantum  state  when 
using  a  300  K  static  sample.  The  output  from  a 
Nd:YAQ-luser-pumped  dye  laser  (Quanta-Kay) 
was  doubled  to  give  opproximutely  6  mJ  of 
tunable  radiation  near  280  nm.  Part  of  this 
output  was  converted  to  ~226  nm  (second  anti- 
Stokes  line  from  a  high  pressure  Ihj  cell),  and 


~1  mJ  of  the  280  nm  radiation  was  overlapped 
with  the  226  nm  radiation,  thus  providing  2- 
frequency  excitation.  Both  beams  travelled 
similar  pathlengths  between  splitting  and 
recombination,  Temporal  overlap  was  better 
than  ±0.3  ns  when  using  ’^4  pJ  (in  1  mm^)  to 
excite  y(O-O)  rotational  transitions,  and  mJ 
near  280  nm  to  pump  the  ionising  transition. 
High  S/N  was  achieved  without  even  partially 
saturating  the  Y-bands. 

There  are  two  distinct  advantages  to  this 
2-frequency  photoionization  scheme,  as 
opposed  to  using  two  226  nm  photons.  Both  are 
associated  with  the  low  intensities  of  the 
226  nm  radiation  used:  (a)  there  was  a  very 
low  level  of  stray  photoions  caused  by  scattered 
226  nm  photons  hitting  the  channeltron.  The 
280  nm  radjation  generates  almost  no  photo¬ 
ions— ‘less  than  1  percent  yield  relative  to 
226  nm  photons,  despite  the  markedly  differ¬ 
ent  intensities;  and  (b)  no  dissociation  of  the 
parent  molecule  is  detected,  1  e.,  less,  than 
2  percent  of  the  scattered  signal.  This  is 
moinly  due  to  the  fact  that  the  226  nm  n'^^-n 
RNO  absorption  cross  section  is  larger,  by  at 
least  a  factor  of  60,  than  that  at  280  nm, 

NO*^  ions  are  collected  with  the  multi¬ 
pliers  labelled  ID  in  Figure  6,  and  spectra  were 
analyzed  according  to  previously  reported  pro¬ 
cedures,^  Using  this  system,  we  demonstrated 
r  angular  resolution  4  cm  from  the  surface 
when  scattering  NO  from  MgO(IOO),'  which  is 
better  resolution  than  required  by  the  physics 
of  the  processes  of  concern.  Since  it  is  possible 
to  use  a  trade-off  between  angular  resolution 
and  sensitivity  it  seems  reasonable  that  a  sen¬ 
sitivity  of  10‘^^^Torr  per  quantum  state  can  be 
ultimately  achieved  with  5-10"  angular  resolu- 
Uon,  without  challenging  the  theoretical  limit. 
This  corresponds  to  extracting  ions  efficiently 
from  a  volume  of  '*->0.1  cnr.  From  our  expe¬ 
riences  with  higher  pressure  environments, 
such  high  sensitivities  are  possible  with  UHV 
mainly  because  of  little  or  no  background. 

With  the  overlapped,  co-propagating 
probe  beams  located  approximately  12  mrn 
l^rom  the  point  where  the  incident  molecular 
beam  strikes  the  surface,  NO  fragments  wore 
readily  detected  over  a  wide  range  of  con¬ 
ditions.  Figure  7(a)  shows  the  NO  spectrum 
obtained  with  T«  =  610  K,  Gi  =  02  =  46",  and 
EincUiunt  -  6,0  eV,  for  the  case  of  n-CaF7NO. 
For  comparison,  the  spectrum  of  inelastically 
scattered  NO  [see  Figure  5(a)]  is  shown  in 
Figure  7(b).  Figure  7(c)  shows  a  spectrum  of 
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INITIATION  AND  PROPAGATION  IN  PRIMARY  EXPLOSIVES 


P.  M.  Dicluon,  M.  A.  Parry,*  J.  B.  Field 
CavendUh  Laboratory,  Univoraity  of  Cambridge 
Madlngley  Road,  Cambridge  CBS  OHB,  UNITED  KINGDOM 


The  initiation  and  propaifation  of  deflagration  and  detonation  in 
mercury  fulminate,  lewiatide,  mereuric-S-nitrotetroMole,  andeilver-S- 
nitrotetrazole  hat  been  etudied  using  variout  techniquet.  Streak  and 
framing  high-tpeed  photography  were  used  to  obteroe  theee  eventt 
directly.  The  main  okjeetiue  has  been  to  investigate  the  factors  which 
affect  DDT  and  the  related  phenomenon  of  dead-pressing,  which  may 
be  regarded  as  a  failure  of  the  DDT  process  at  high  pressed  densities, 
These  factors  include  the  variable  properties  of  pressed  density,  grain 
sixe  ditribution,  void  structure,  confinement  and  charge  dimension  and 
geometry,  and  also  fixed  properties  (for  a  given  explosive)  such  at  shock 
and  thermal  sensitivities,  heat  of  explosion,  and  the  quantity  and  state 
of  the  reaction  products,  The  nature  and  strength  of  the  initiating 
stimulus  also  has  a  major  effect  on  the  subsequent  reaction. 


INTRODUCTION 

The  main  diilTerenoe  between  a  primary 
explosive  and  a  secondary  explosive  is  the  ease 
of  ignition  of  the  former,  The  two  main 
requirements  of  a  primary  explosive  are  that 
first,  it  must  reliably  detonate  upon  receipt  of  a 
low  energy  stimulus,  either  thermal,  electrical, 
or  mechanical;  and  second,  it  must  detonate 
strongly  enough  to  Initiate  the  next  element  of 
the  explosive  train,  Additionally,  it  should  not 
be  so  sensitive  that  it  might  detonate  acciden¬ 
tally  under  expected  operating  conditions,  and 
it  should  be  chemically  stable  in  its  operating 
environment.  Relatively  few  materials  have  a 
combination  of  properties  which  perform  this 
role  satisfactorily. 

Mercuric  bisfulmlnate  was  described  by 
Howard  in  1800/  but  it  was  not  until  the  mid 
1800s  that  Alfred  Nobel  patented  its  use  in 
detonators.  Mercury  fulminate  was  replaced 
because  it  had  poor  stability,  unreliable 
performance,  and  it  exhibited  dead-pressing 
(DDT  failure  at  high  presoed  densities). 


*Now  at  Materials  Research  Lab.,  Ascot  Vale, 
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Lead  aside  was  used  firom  the  early  1000s 
and  seemed  to  be  the  ideal  detonant;  it 
detonated  reliably  at  high  pressing  loads, 
smaller  amounts  were  needed  to  reliably 
detonate  an  adjacent  explosive,  and  it  had 
much  better  thermal  stability.  Lead  aside  is 
used  extensively  in  modern  commercial  and 
military  detonators,  but  is  now  the  subject  of  a 
replacement  program  because  of  problems 
associated  with  hydrolytic  instability  and 
incompatibility  with  copper.^ 

Bates  ani  Jenkins^  examined  a  range  of 
possible  replacements  for  lead  aside  and  con¬ 
cluded  that  silver-S-nitrotetrasole  and 
niercuric-5-nitrotetrasole  were  two  promising 
materials  which  deserved  fVirther  study.  Sil- 
ver-S-nitrotetrasole  was  reported  to  exist  in 
more  than  one  polymorphic  form,  to  exhibit 
dead-pressing  at  varying  densities,  and  also  to 
have  a  lower  output  than  lead  aside. ^  Only  one 
polymorphic  form  of  mercuric-S-nitrotetrasole 
was  found,  giving  a  performance  superior  to 
lead  azide  when  tested  in  a  small  detonator. 
However,  the  purity  of  the  chemical 
intermediate  used  in  the  preparation  of 
mecuric-6-nitrototrazole,  sodium-S-nitrotetra- 
zolate,  affected  the  properties  of  the  mercuric 
salt.  The  temperature  of  ignition  and  the 
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loading  pretaure  at  which  dcad«preaaing  of 
mercuric-S-nitrotetraaoU  occurred  inereeaed 
with  the  purity  of  the  intermediate.  When  the 
intermediate  waa  reeryatailiied,  dead-proasing 
of  the  mercuric>6<nitrototrGMle  did  not  occur 
y.dth  preaaing  bade  to  28  MPa  (the  maximum 
teated).  Since  sllver-S'nitrctetraaole  had  been 
found  to  dead-preas^  further  work  haa  mainly 
concentrated  on  the  mercuric  aalt;  ita 
manufacture  has  been  acaled-up*^  and  it  has 
been  proposed  for  use  in  a  number  of  single- 
component  detpnators.^'^  Silver-S-nitrotetra* 
sole  and  meroiiric-S-nitrotetrasoIe  have  since 
been  prepared  via  a  new  chemical 
interm^iate,  bia(ethylenedlamlne)-eopper(Il) 
nitrotetraxolate,  and  Parry^  found  that 
mercuric-S-nitrotetrasole  prepared  in  this  way 
did  not  exhibit  dead-pressing  at  pressing  loads 
up  to  69  MPa.  The  nitrotetrasolea  uaed  in  this 
study  were  also  prepared  by  this  route. 

DDT  has  been  studied  fairly  extensively, 
particularly  in  secondary  explosives,  for  sev¬ 
eral  decades,  but  less  work  haa  been  directed  at 
primary  explosives  where  the  process  ia  more 
dUncult  to  observe  and  there  is  a  less  clearly 
defined  burning  region.  We  have  used  high¬ 
speed  photography  to  try  to  observe  dead¬ 
pressing  and  to  obtain  information  on  DDT  in 
primary  explosives  under  a  variety  of  different 
conditions.  Differential  scanning  calorimetry 
and  thermogravimetric  analysis  have  been 
used  to  measure  heats  of  explosion  and  ignition 
temperatures  where  these  values  were  not 
already  known.  Grain  sizes  before  and  after 
pressing  were  estimated  by  optical  microscopy. 

DEFLAGRATION  TO 
DETONATION  TRANSITION 

The  precise  mechanism  by  which  a  defla¬ 
gration  at  the  surface  of  a  pressed  granular 
explosive  makes  the  transition  to  detonation 
is  not  well  understood,  but  it  is  generally 
believed  to  pass  through  a  number  of  distinct 
stages;  conductive  burning,  convective  burn¬ 
ing,  compressive  burning  leading  to  the  for¬ 
mation  of  shock  waves  of  Increasing  strength, 
and,  when  the  critical  shock  initiation  pressure 
of  the  explosive  is  exceeded,  detonation.  It  is 
the  mechanism  by  which  the  shock  waves  are 
first  formed  and  then  strengthen  which  is  least 
easily  explained.  Most  of  the  work  In  this  field 


has  been  concerned  with  secondary  explosives 
and  propellants,  and  so  the  existing  theories 
are  not  based  on  observation  of  primaries. 
Relatively  few  instrumented  studies  of  DDT  in 
primary  explosives  have  been  made. 

Thermal  ignition  at  the  surface  of  the 
explosive  gives  rise  to  laminar  conductive 
burning  which  proceeds  relatively  slowly  into 
the  explosive  bed.  Intrusion  of  hot  gaseous 
products  into  the  bed  ahead  of  the  burning 
front  leads  to  convective  burning  and  a  build¬ 
up  of  pressure  due  to  confinement  of  the 
products,  causing  the  burning  rate,  which  is 
usually  observed  to  be  roughly  proportional  to 
the  pressure,  to  increase.  Burning  speeds  of  up 
to  1  mm  ps*'  may  be  achieved  by  this  means. 
Some  workers*^  have  suggested  that  under 
suitable  confinement,  which  may  include 
inertial  confinement  by  the  explosive,  this 
convective  burning  can  lead  to  shock  wave 
formation  when  the  rate  of  energy  release 
becomes  great  enough.  It  has  also  been 
suggested^  that  under  suitable  conditions  the 
compression  waves  from  the  burning  zone  may 
reinforce  and  steepen  into  a  shook  wave, 
eauiing  coihpresslve  heating,  possibly  with 
hot-spot  formation  due  to  pore  collapse, 
adiabatic  shear,  and  other  effects. 

An  alternative  explanation^^  Is  that  as 
the  pressure  continues  to  rise,  and  with  suf- 
fioient  confinement,  bed  compaction  begins  to 
occur,  decreasing  its  permeability  and  leading 
to  the  formation  of  a  non-porous  plug  of 
unreacted  material  in  front  of  the  burning 
zone  which  is  driven  into  the  unreacted 
explosive  by  the  high-pressure  combustion 
products.  The  compaction  wave  caused  by  the 
plug  is  reinforced  by  the  increaeingly  strong 
compression  waves  which  overtake  it,  and  it 
steepens  Into  a  shock  wave  ut  some  point  ahead 
of  the  burning  zone,  leading  to  detonation 
forwards  and  the  occasionally  observed 
retonation  back  towards  the  burning  zone. 

Ermolaev  et  al.^^  suggest  that  there  are 
two  distinct  forms  of  DDT:  one  through  shock 
wave  formation  ahead  of  the  reaction  zone,  and 
the  other  involving  the  formation  of  a  secon¬ 
dary  compressive  wave  behind  the  reaction 
zone  which  subsequently  overtakes  It. 


1101 


DBAD.PRESSINO 

Dead-preittlhg  ia  a  problem  aaaociated 
with  compacted  granular  primary  exploaivea. 
It  manifeata  itaelf  aa  a  failure  of  the  charge 
to  undergo  aatiafactory  detonation,  either  by 
failing  to  detonate  at  all  or  by  exhibiting  a 
large  induction  time  and/or  a  long  run-to- 
detonation  length.  If  the  detonation  occura,  it 
ia  uaually  of  reduced  atrength,  i.e.,  lower 
detonation  preaaure  and  lower  VOD,  Dead* 
preaaing  la  now  generally  accepted  to  be  due  to 
inadequate  propagation  (>f  the  initial  defla¬ 
gration  into  the  bulk  of  the  exploalve,  ao  that 
prompt  DDT  doea  not  occur.  Moat  of  the  poa- 
aible  mechaniams  for  DDT  are  atrongly 
dependent  on  the  poroalty  of  the  exploalve  bed, 
and  ao  thla  may  Im  due  to  high  compaction  in 
preaaing,  or  the  formation  of  a  non-poroua  plug 
in  the  initial  atagea  of  the  reaction  without  the 
neceaaary  condltlona  for  thla  to  lead  to  the 
production  of  atrengthening  ahock  wavea.  If 
the  deflagration  doea  not  propagate  into  the 
bulk  of  the  exploalve,  then  there  will  be  no 
aignifleant  build-up  of  preaaure,  no  ahock  wave 
formation,  and  no  run  to  detonation. 

Swallowe  and  Field*^  investigated  dead- 
preaaing  in  aamplea  of  mercury  fulminate 
using  high-speed  photography,  pressure  mea- 
aurements,  and  acanning  electron  microscopy. 
They  found  that  detonation  performance  alter 
impact  initiation,  as  measured  by  detonation 
preaaure,  decreased  considerably  when  the 
mercury  fhiminate  was  pressed  to  densities 
exceeding  4  g  cm'^,  and  they  noticed  distinct 
differences  between  the  void  structures  in  the 
two  samples.  They  described  the  void  struc¬ 
ture  in  the  dead-pressed  samples  aa  essentially 
unl-direetional,  whereas  the  non-dead-preased 
samples  had  a  network  of  inter-connecting 
voids.  If  the  propagation  of  the  reaction  front 
in  the  early  stages  depends  on  the  intrusion  of 
hot  gaseouB  reaction  products  into  unreacted 
explosive,  then  the  relatively  closed  void  struc¬ 
ture  in  a  highly  compacted  sample  could  be 
expected  to  hinder  this  process  more  than  the 
branched  void  structure  in  a  less  dense  sample. 
Kistiakowsky*^  suggested  that  dead-pressing 
in  mercury  fUlminate  at  high  pressing  loads 
was  due  to  its  soft  consistency,  leading  to  the 
formation  of  a  non-porous  mass  into  which  the 


deflagration  products  could  not  penetrate,  and 
Muraour  et  al.*^'^'^  advanced  similar  theories. 

Chaudhrl  et  al.**  used  high-speed  pho¬ 
tography  to  look  at  the  propagation  velocity  in 
single  crystals  of  lead  aside  after  ignition  by  an 
exploding  wire,  and  found  that  small  crystals 
deflagrate  but  large  crystals  detonated  with  a 
VOD  of  about  8  mm  ps*^  Single  crystals 
represent  the  limit  of  high  density,  and  clearly 
have  a  negligible  void  structure  by  comparison 
with  compacts.  Either  DDT  or  SDT  is 
occurring  here  in  the  absence  of  void  structure. 

However,  dead-pressing  has  been 
reported  by  Klstiakowsky^^  in  samples  of  lead 
aside,  and  ao  there  are  clearly  other  factors  to 
be  taken  into  consideration.  In  particular,  the 
method  of  initiation  may  plan  an  important 
role  in  determining  whether  or  not  dead- 
pressing  manifests  itself  In  a  sample.  The 
same  sample  might  detonate  normally  when 
initiated  by  a  powerful  stimulus  such  as  an 
exploding  wire,  and  yet  appear  to  be  dead- 
pressed  when  a  more  gentle  stimulus  is  used. 
This  is  of  great  practical  Importance  since  most 
detonator  systems  employ  much  lower  energy 
ignition  methods  than  exploding  wires.  In  this 
study,  the  following  Indications  have  been 
taken  to  suggest  that  dead-pressing  has 
occurred:  (1)  non-linearity  in  the  plot  of  VOD 
against  density  at  higher  densities;  (11)  an 
Increase  in  the  induction  times,  i.e.,  the  time 
flrom  initiation  to  visible  propagation. 

Bowden  and  Yoffe**  reported  that  pri¬ 
mary  explosives  fall  into  two  classes  with 
respect  to  their  behavior  on  initiation.  The 
first,  which  includes  lead  styphnate  and  mer¬ 
cury  fulminate,  resembles  secondary  explo¬ 
sives  in  that  It  shows  an  accelerated  burning  to 
detonation.  The  second,  including  lead  aside, 
shows  no  clear  burning  sone,  with  the  deto¬ 
nation  starting  close  to  the  point  of  initiation. 

EXPERIMENTAL 

The  photographic  study  of  the  explosives 
involved  streak  and  iVaming  photography,  in 
order  to  observe  the  structuro  of  the  reaction  as 
well  as  measure  the  reaction  rate.  Streak 
photography  was  used  extensively  since  it 
allowed  accurate  measurements  of  VOD,  to 
within  a  few  percent,  and  was  performed  using 
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an  Imacon  790  with  a  variable  streak  unit. 
Both  the  Imacon  790  and  a  Beckman  and 
Whitley  189  framing  camera  were  used  to  take 
framing  sequences. 

The  explosives  were  pressed  into  a  vari¬ 
ety  of  polycarbonate  test  pieces.  Figure  1(a) 
depicts  two  polycarbonate  blocks  bolted 
togothert  with  the  channel  milled  into  one  of 
the  blocks,  in  Figure  Kb)  the  channel  is  cut 
into  a  brass  plate  between  the  blocks,  which 
complicates  the  nature  of  the  confinement  but 
acts  as  a  usoflil  witness  plate  for  determining 
run-to-detonation  lengths.  The  design  in 
Figure  l(o)  allowed  the  explosive  to  be  pressed 
in  a  single  inoremont,  with  the  direction  of  the 
pressing  load  perpendicular  to  the  direction  of 
propagation  of  the  reaction.  This  allowed  us  to 
investigate  whether  the  direction  of  the 
pressing  load  affected  the  void  structure 
sufficiently  to  modify  the  responso  of  the 
explosive.  Figure  2  shows  a  simple  circular 
channel  drilled  into  a  polycarbonate  rod.  an 
arrangement  which  replaced  the  version  in 
Figure  1(a)  in  all  the  lator  work,  being  easier 
to  produce  and  fill,  and  more  closely  repre¬ 
senting  the  2-f)  situation.  This  was  produced 
with  2-mm  and  3-mm  diameter  channels,  in 
each  of  these  cases,  the  explosive  was  incremen¬ 
tally  pressed  into  the  channels  at  various  press¬ 
ing  loads,  the  height  of  the  increments  being 
less  than  the  diameter  of  the  channel  to  ensure 
as  uniform  a  pressed  density  as  possible. 

The  channel  dimensions  were  chosen  so 
that  the  mass  of  explosive  fired  in  each  shot 
was  small  enough  (<0.6  g)  to  permit  the  tests 
to  be  conducted  in  the  laboratory  without  using 
an  elaborate  test  cell,  while  keeping  well  above 
the  critical  diameter  of  the  primaries.  The 
pressed  density  was  estimated  from  the  volume 
of  the  channels  and  a  knowledge  of  the  mass  of 
explosive  used  in  each  pressing. 

For  the  purpose  of  framing  photography 
with  the  Beckman  and  Whitley  189  camera 
and  some  of  the  streak  shots,  initiation  was 
achieved  by  passing  a  fast  6  kV,  16  J  electrical 
pulse  through  a  6-mm  long.  V-shaped,  100-pm 
gold  bridge-wire  held  in  contact  with  the  sur¬ 
face  of  the  explosive.  This  produced  a  prompt 
and  reproducible  stimulus  which  was  neces¬ 
sary  to  achieve  satisfactory  synchronization 
with  the  rotating  mirror  framing  camera. 
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Figure.  /.  Schematic  Diagram  of  Poly¬ 
carbonate  Sandwich  Test  Pieces 
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Figure  2.  Schematic  Diagram  of  Cylindrical 
Polycarbonate  Test  Piece 

Other  Initiation  methods,  ranging  from  hot¬ 
wire  to  a  No.  8  commercial  detonator,  were  also 
tested  to  determine  to  what  extent  the  nature 
and  magnitude  of  the  stimulus  affected  the 
DDT  process. 

Table  1  gives  some  data  for  the  explosives 
studied;  crystal  density  (p),  lieat  of  decom¬ 
position  (AMu),  temperature  of  ignition  (T|), 
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Table  I .  Physical  and  Thermodynamic  Data 


P 

(g  cm-3) 

-AHd 

(kJmol-i) 

•AHd 
(kJ  gi) 

T, 

(K) 

FofI 

Mercuric-6-nitrotetr  azole 

3.20 

890  ±  409P 

2.07  ±  0.09 

510 

-20 

Silver-5-nitrot6trazole 

2.85 

430  ±  20ao 

1.94  ±  0.10 

538 

-10 

Lead  azide  (RD1333) 

4.66 

44831 

1.64 

603 

30 

Mercury  fulminate 

4.42 

430  ±  10»0 

1.62  ±  0.03 

483 

10 

and  figure  of  insenBitivily  for  impact  (F  of  1). 
Table  2  showa  the  range  of  pressing  loads  and 
pressed  densities. 

RESULTS 

Our  results  suggest  that  tho  explosives 
tested  may  be  usefully  split  into  two  groups 
from  the  point  of  view  of  initiation  by  a 
thermal  stimulus.  Lead  azide,  silver-6-nitro- 
tetrazole,  and  mercuric-S-hitrotetrazole  deto¬ 
nate  promptly  even  at  high  pressed  densities, 
and  show  little  or  no  evidence  of  a  well-defined 
burning  zone.  Mercury  fulminate,  in  contrast, 
does  not  detonate  reliably  at  high  pressed 
densities  and  even  at  lower  densities,  when 
detonation  does  occur,  it  is  characterized  by 
long  Induction  times  and  run-to-detonation 
lengths. 

Lead  Azide/Silver-S-Nitrotetrazole/ 
Mercuric-S-Nitrotetrazole 

These  materials  are  ch.iracterized  by 
prompt  detonation  over  the  range  of  presiied 


Table  2.  Pressing  Loads  and  Deneiiiea  Tested 


Pressing 

Loads 

(MPa) 

Range  of 
Densities 
(gcm-3) 

Mercuric-6- 

nitrototrazole 

34.6-  103.6 

2.25  -  2.92 

Sllvor-6- 

nilrotetrazole 

6.9-103.5 

1.18-2.72 

Load  azide 
(RD1333) 

86.3 

3.06-3.31 

Mercury 

fulminate 

-  . .  1 1 

6.9-103.5 

2.00-3.88 

densities  tested  and  with  a  variety  of  strengths 
of  stimuli.  No  evidence  of  dead-pressing  has 
been  found,  and  streak  rec^ords  do  not  reveal 
the  presence  of  a  distinct  burning  zone  before 
transition  to  detonation.  Tho  mea.<^ured  VOD 
for  these  primaries  was  found  to  increase 
steadily  with  pressing  load. 

Figure  3  shows  a  typical  streak  record 
from  one  of  those  materials,  in  this  case  silver- 
5-nitrotetrazole  pressed  at  69  MPa  to  a  density 
of  ~2.7  g  cm‘^,  initiated  by  an  exploding  gold 
wire.  DDT  is  not  apparent,  and  the  detonation 
propagates  uniformly  at  6.2  mm  ps'L  The 
light  output  at  the  beginning  of  the  trace  is 
from  the  wire.  Figure  4  is  a  section  through  a 
cylindrical  test-piece  showing  the  damage 
caused  by  mercuric-S-nitrotetra^ole  pressed  to 
69  MPa.  Initiation  was  by  hot-wire,  and 
prompt  detonation  appears  to  have  taken 
place.  Figure  6  is  a  selection  of  frames  from  a 
sequence  taken  on  the  Beckman  and  Whitley 
189  camera  of  a  detonation  propagating  in  a 
column  of  mercuric-6-nitrotetrazole  pressed  at 
103.6  MPa  to  a  density  of  3.08  g  cm'^,  and 
initiated  by  an  exploding  gold  wire.  The 
column  was  front-illuminated  using  an  argon 
flash  tube.  The  reaction  is  seen  to  pick  up  and 
run  very  soon  after  the  wire  explosion.  The 
VOD  was  estimated  from  these  frames  to  be 
about?  mm  ps  ^  The  large  apparent  thickness 
of  the  reaction  zone  in  sequences  such  as  this  is 
caused  by  the  finite  exposure  time,  which  is 
approximately  one  fifth  of  the  interframo  time 
for  this  camera. 

This  sample  was  pressed  into  one  of  the 
polycarbonate  sandwich  test  pieces,  and  it  is 
interesting  that  there  is  also  light  emitted 
from  the  polycarbonate  to  the  side  of  the  explo¬ 
sive  column,  which  is  clearly  coupled  to  the 
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Figure  3,  Streak  Record  of  Detonation  in 
Siloer’S-Nitrotetrazole  Preteed  at  89  MPa. 
Ignition  by  exploding  gold  wire.  Streak  epeed 
98nemm’^. 


Figure  4.  Section  Through  Polycarbonate  Tett 
Piece  After  Detonation  of  M  ercurie-S  ’Nitrotetta' 
tole  Prezeed  at  69  MPa.  Ignition  by  hot-wire. 


detonation  front  and  appears  to  coincide  with 
the  position  of  the  shock  Wave  in  the  poly¬ 
carbonate.  Tests  have  shown  that  this  is  not 
caused  by  triboluminescence  of  the  polycar¬ 
bonate  but  is  due  to  adiabatic  gas  compression 
in  the  small  gap  between  the  two  blocks.  The 
measured  shock  velocity  in  the  conflnement 
can  be  used  to  estimate  the  shock  pressure 
from  the  detonating  explosive. 

In  order  to  obtain  a  better  view  of  the 
reaction  sone,  the  Imacon  790  was  operated  in 
streak  mode  with  the  time  axis  parallel  to  the 
direction  of  propagation  of  the  detonation 
wave.  Figure  6  shows  the  reaction  sone  of  a 
detonation  wave  in  mercuric-6-nitrotetrazolc 
pressed  at  69  MPa  to  a  density  of  2.86  g  cm'^. 
The  streak  speed  was  set  to  twice  the  expected 
VOD  in  order  to  obtain  an  expanded  image. 

Mercury  Fulminate 

Mercury  fulminate  has  been  found  to 
dead-press  with  normal  pressing  methods  at 
pressing  loads  of  69  MPa  and  above  to  the 
extent  that  on  initiation  with  an  exploding 
gold  wire,  the  samples  did  not  achieve  deto¬ 
nation  within  the  13-mm  length  of  the  channel. 
Virtually  all  the  samples  reacted  completely, 
but  the  deflagration  was  accompanied  by 
relatively  little  damage  to  the  test  piece  and, 
in  some  cases,  was  slow  enough  to  be  audible 
as  a  whistle.  All  the  samples  displayed  long 
and  variable  induction  times  before  prop¬ 
agation.  As  a  result  of  these  Induction  times. 


Figure  5.  Mercuric-5-Nitrotetraxole  Pressed  at  103.5  MPa.  1  ps  interframe  time.  Ignition  by 
exploding  gold  wire. 
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Figure  6,  Streak  Optical  Image  of  Detonation 
Wave  Hanning  in  a  3  mm  Column  of  Mercuric- 
5-Nitrotetrazole  Preeeed  at  $9  MPa 


DDT  in  the  less  dense  samples  was  nut 
recorded  on  the  streak  records,  but  is  in 
evidence  on  examination  of  the  brass  plates  in 
those  samples  which  included  them.  Figure  7 
shows  the  result  of  DDT  occurring  towards  the 
bottom  of  one  of  these  brass  channels 
containing  mercury  fulminate  pressed  to 
6.9  MPa.  Figure  8  is  a  selection  of  frames  from 
a  sequence  from  the  Beckman  and  Whitley  189 
camera  of  mercury  fulminate  pressed  at 
69  MPa  to  a  density  of  3,9  g  cm'^,  No 
propagation  is  evident  down  the  column  from 
the  top  surface.  The  three  frames  given  here 
were  taken  about  17  ps  after  the  wire 
explosion,  and  show  reaction  down  the  side  of 
the  column,  presumably  where  the  pressing 
operation  had  left  loose  powder  in  the  gap 
between  the  blocks.  The  entire  sample  was 
eventually  consumed,  but  did  not  detonate. 


Figure  7.  Braes  Witness  Plate  Showing  Evi¬ 
dence  of  DDT  Near  the  Bottom  of  the  Channel. 
Mercury  fulminate  pressed  at  6.9  MPa. 


In  contrast  to  these  findings,  those  sam¬ 
ples  which  were  pressed  in  one  increment,  with 
the  direction  of  the  pressing  being  perpen¬ 
dicular  to  the  direction  of  propagation  of  the 
reaction,  did  not  exhibit  cloud-pressing  up  to 
69  MPa,  which  was  the  maximum  tested,  but 
detonated  strongly  when  initiated  by  an 
exploding  gold  wire.  Relatively  long  induction 
times  were  still  found,  but  the  damage  to  the 
test-pieces  indicated  thut  the  run-io- 
detonation  length  was  small.  1'his  suggests 
that  the  void  structure  within  the  pressed 
compact  may  be  somewhat  anisotropic  with  the 
voids  being  more  interconnected  in  o  direction 
perpendicular  to  the  pressing  load,  which  is 
consistent  with  the  findings  of  Swallowe  and 
Field*'*  and  directly  supports  the  view  that  the 
intrusion  of  the  hot  gaseous  reaction  products 
into  the  compact  in  the  very  early  stages  of  the 


Figure  8.  Mercury  Fulminate  Pressed  at 
69  MPa.  Ipa  interframe  time,  Ignition  by 
exploding  gold  wire. 

reaction  is  vital  to  achieving  the  necessary 
pressure  build-up  for  DDI'  to  occur. 

Mercury  fulminate  samples  pressed 
conventionally  to  69  MPa  and  103.6  MPa  were 
also  initiated  by  shock  from  a  flat  ended  No.  8 
detonator  fired  through  brass  shims  of  varying 
thicknesses  to  establish  that  they  were  capable 
of  sustaining  a  stable  detonation  wave  and  to 
measure  the  VOD  at  higher  densities.  The 
No.  8  detonator  contains  a  main  charge  of 
about  400  mg  PETN  and  produces  a  shock 
pressure  of  about  100  kbar.  All  the  samples 
initialed  in  this  way  detonated  promptly,  as 
would  be  expected,  producing  linear  streak 
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records.  Figure  9  shows  one  oi  these  for 
mercury  fulminate  pressed  at  69  MPa  to  a 
density  of  3.75  g  cm‘^,  indicating  a  VOO  of 
6.0  mm  ps'^  This  technique  is  being  extended 
to  measure  the  relative  shock  sensitivities  of 
the  primaries. 

Velocity  of  Detonation 

These  were  calcul  ted  from  the  streak 
results,  and  the  valuet  otained  fnr  mercuric- 
5-nitrotetrazole  and  silver-6-nltrotetrazole  are 
presented  graphically  in  Figures  10  and  11. 
The  time  axis  on  the  streak  pictures  was  cali¬ 
brated  with  a  certified  1  Milz  signal,  and  the 
spatial  axis  by  photographing  the  test-pieces  in 
framing  mode  before  firing.  The  results  from 
the  present  study  are  compared,  together  with 
earlier  results^ii''^!^  for  mercury  fulminate  and 
lead  azide,  in  Figure  12. 


Figure  9,  Streak  Record  of  Detonation  in 
Mercury  Fulminate  Preseed  lit  69  MPa.  Ignition 
by  no.  8  detonator.  Streak  speed  98  ns  mm  ^ 


Figure  W.  VOD  Versus  Fraction  of  Crystal 
Density  for  Mercuric  -5 -Nitrotetrazole 


CONCLUSIONS 

Of  the  explosives  studied,  only  mercury 
fulminate  exhibited  dead-pressing,  indicated 
by  failure  to  detonate,  long  run-to-detonation 
lengths,  and/or  long  induction  times  (>100  ps) 
in  heavily  pressed  samples.  However,  the 
dead-pressing  was  found  to  be  dependent  on 
the  direction  of  pressing,  being  far  less  evident 
in  samples  pressed  at  right  angles  to  the 
direction  of  propagation  of  the  reaction. 
Neither  of  the  nitrotetrazoles  nor  lead  azide 


Praotlon  ot  oryatal  danilty 


Figure  11,  VOD  Versus  Fraction  of  Crystal 
Density  forSilver-S  ’Nitrotetrazole 


Figure  12,  Comparison  ofVODs  For  Mercuric- 
5 -Nitrotetrazole,  S Hoc r-6 -Nitrotetrazole,  Lead 
Azide,  and  Mercury  Fulminate 
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exhibited  dead'pressing  over  the  range  of  loads 
studied,  up  to  103  MPa.  1  he  earlier  reports  of 
dead-pressing  of  silvor-6-nitrotetrasole  were 
not  conflrmed  by  our  tests  on  samples  prepared 
via  the  intermediate  bis(othylenodiumine)- 
copper(ll)  nitrotetrazolate,  possibly  due  to  the 
higher  purity  of  the  latter  than  of  the  sodium 
salt  used  previously.  Muraour*^'^'^  has  sug¬ 
gested  that  the  lack  of  gas  penetration  into  the 
bulk  is  a  major  factor  in  explaining  dead¬ 
pressing.  Earlier  studies  in  this  laboratory^^ 
of  the  microstructure  of  pressed  mercury  fulmi¬ 
nate  have  given  clear  evidence  that  heavily 
pressed  samples  have  uni-directional  voiding 
Across  the  column)  while  lightly  pressed  sam¬ 
ples  have  a  network  of  branched  voids.  The 
problems  of  dead-pressing  shown  by  mercury 
fulminate,  when  ignition  was  by  exploding 
wire,  were  not  found  when  samples  were  shock 
initiated.  Our  findings  support  these  ideas, 
but  do  not  explain  why  only  mercury  fulminate 
of  those  tested  is  susceptible.  This  may  be  due 
to  the  crystalline  properties  of  the  materials, 
which  determine  the  amount  and  character  of 
the  grain  fi'acture  under  compacting  forces, 
and  hence  the  resulting  void  structure. 
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DISCUSSION 

J.  ROTH,  Consultant 
Portola  Valley,  CA 

Lead  atyphnate  ie  easy  to  dead-preee. 
However,  at  loading  preeeureB  at  which  it  will 


not  initiate  with  a  hot  bridge  wire,  it  can  be 
readily  detonated  by  a  detonating  fuie.  This 
behavior  it  thus  limitar  to  what  you  observed 
with  mercuric  fulminate, 

REPLY  BY  P.  M.  DICKSON 

This  observation  Is  quite  correct  and  this 
type  of  behavior  is  probably  even  more  marked 
in  the  case  of  lead  styphnate  because  it  is  more 
difficult  to  initiate  (i.e.,  less  sensitive)  than 
mercury  hilminate  anyway. 
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PROMPT  DETONATION  OF  SECONDARY  EXPLOSIVES  BY  LASER 


Dtnnlf  L  PaUlty 
Los  Alnmot  National  Laboratory 
Los  Alamosi  Now  Moxioo  87640 


Secondary  high  exploitua  have  been  promptly  detonated  by  directing  a 
laser  beam  of  carious  wavelengths  from  266  nanometers  to  1.06  micron 
on  the  surface  of  the  explosives,  For  this  paper  ’^prompt*  means  the 
excess  transit  time  through  an  explosive  charge  is  •^280  nanoseconds  (or 
less)  less  than  the  accepted  full  detonation  velocity  time.  Timing 
between  laser  pulse,  explosive  initiation  and  detonation  velocity  and 
function  time  have  been  recorded.  The  laser  parameters  studied 
include.'  wavelength,  pulse  length,  energy  and  power  density,  and 
beam  diameter  (spot  sise).  Explosives  evaluated  include;  PETN,HN8, 
HMX,  and  grapkited  PETN,  HNS,  and  HMX,  Explosive  parameters 
that  have  been  correlated  with  optical  parameters  include:  density, 
surface  area,  critical  diameter  (spot  else),  spectral  characteristics,  and 
graphite  as  an  additive  to  alter  spectral  characteristics  and  enhance 
absorption.  Some  explosives  have  been  promptly  detonated  over  the 
entire  range  of  wavelengths,  possibly  by  two  competing  initiating 
mechanisms.  Other  explosives  could  not  be  detonated  at  any  of  the 
wavelengths  or  power  densities  tested. 


INTRODUCTION 

Numerous  experimenters  since  the  mid* 
1960s  have  used  lasers  of  various  wavelengths 
(usually  694  nm  and  1,06  micron)  to  initiate 
primary  and  secondary  explosives. Initia¬ 
tion  can  be  accomplished  by  three  methods: 
1)  ablating  a  metal  film  in  contact  with  the 
explosive  (EBW-mode),  2)  ablating  a  metal 
film  to  launch  a  high  velocity  flyer  plate  to 
Impact  the  explosive,  and  3)  directing  a  laser 
beam  on  the  confined  (or  unconflned)  explo¬ 
sive  surface.  This  paper  covers  experimental 
results  for  the  third  case  of  direct  laser  ini¬ 
tiation  of  explosives.  Direct  laser  initiation 
incorporates  knowledge  of  optical  properties  of 
the  lasers  and  explosives,  and  optical  coupling 
elTlclency.  Literature^'^  and  explosives  chem¬ 
ists  suggest  tho  UV  end  of  the  spectrum  is 
better  absorped  by  most  crystalline  explosives 
and  the  higher  energy  photons  (246  nm  = 
6  eV)  could  break  molecular  bonds.  Spectral 
transmission  studies  indicate  that  moat 
secondary  explosives  are  about  an  order  of 


magnitude  more  absorping  at  260  nanometers 
than  from  560  nanometers  to  1.06  micron. 
Therefore  we  decided  to  begin  our  experiments 
at  UV  wavelengths.  We  will  present  the  Ainc- 
tional  performance  of  several  explosives  to 
various  wavolength  laser  pulses,  correlate 
traditional  explosive  and  spectral  parameters 
with  performance  results,  and  offer  several 
possible  hypotheses  as  to  the  mechanisms  of 
initiation  and  transition  to  prompt  detonation. 

EXPLOSIVE  PROPERTIES 

Chemical  and  Physical 

The  explosives  tested  include  PETN, 
HNS,  HMX,  and  6  and  10  percent  graphite 
mixtures  of  each  explosive.  Surface  area, 
batch  number  to  identify  processing  method, 
and  other  characteristics  were  recorded  for 
each  explosive  sample.  For  ease  of  handling 
and  experimentation,  all  explosives  were 
pressed  in  small  aluminum  cups.  Except  for 
special  tests,  all  explosive  column  lengths  were 
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3.6>mm  and  7.6-mm  in  diameter.  Exploiivea 
powders  under  test  were  pressed  to  densities 
ranging  0.9  >  l.Sg/cm^  over  a  1.6-g/cm^ 
PBX<0407  output  charge  3.00  mm  long 
(Figure  1), 

Optleal 

Optical  extinction  coefficients  at  various 
wavelengths  for  most  exploslyos  of  interest 
have  been  determined,*'’^  H.  H,  Cady,  Los 
Alamos,  made  additional  measurements  on 
largb  bingle  crystals  of  FBTN  (Figure  2).  Most 
optical  measurements  are  i  made  in  solutions, 
suspensions,  or  single  crystal  transmissions. 
Since  our  experiments  involved  compacted 
explosive  powders,  it  seemed  appropriate  to 
measure  reflection  (K)  from  the  surfaces  of 
compacted,  powder  samples  and  determine 
absorption  by  (1>R)  assuming  no  transmission. 
W,  Fleming,  Unidynamics-Phoonix  (UPX), 
used  a  Varian  Carey  2300  Spectrophotometer 
to  record  the  spectral  reflection  iVom  samples 
of  PETN.  HMX,  HNS,  and  graphltod  PETN, 
HMX,  and  HNS,  Typical  data  are  reported 
(Figure  3),  These  data  are  not  absolute  values 
but  are  relative  to  one  another.  Different 
particle  slse  and  density  explosives  wore  tested 
by  UPX  with  a  fixed  solid  angle  for  collection  of 
reflected  light.  To  evaluate  the  alTect  of  angle 
dependence  and  wavelength  on  optical  soattor- 
Ing  from  compacted  explosive  powder  surfaces, 
John  Stephens,  iios  Alamos,  made  reflection 
optical  measurements  that  were  angle  and 
wavelength  dependent  (Figure  4).  These  data 
correspond  to  UPX  data,  H.  H.  Cady’s  single 
crystal  PK'PN  and  published  optical  duta.^*'* 

EXPERIMENTALTECHNIQUE 

Initial  testing  was  begun  using  a  XeCl 
Excimer  laser  (308  nm)  with  a  20  ns  pulse 


0.127  mm 
^  thick  Al  cup 

3.5  mm  length 
"^0,9  -  1.6  Q/oc  PETN 

3.0  mm  length 

1.6  g/cc  PBX9407 

7,35  mm  diam 


Figure  /.  Explosive  Teat  Sample  for  Laser 
Initiation  (UV -Quartz  Window,  Optional) 


Mm. AH  tXIINCitON  lOLtridfNI 


m  cmiAUiNt  WTN  (9.aN  Ml<^l) 


399  lit  lAI  141  MS 


SA^Hi'hOtll  dial 

Figure  2,  Molar  Extinction  Coefficient  for 
Single  Crystale  of  PETN 


Figure  3.  He  flection  of  PETN,  HMX,  and  HNS 
Surfacet 

Albedos*  0.9  0/00  PITN  vs  Wevolonoth 


Wovolsnolh  (nm) 

Figure  4a.  Wavelength  Vs.  He  flection 
Albedo -0.9  0/00  PITN  vs  Anglo 


Soelterlng  Angle 

Figure  4b.  Scattering  Angle  Vs.  Reflection 
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length  and  up  to  180  mJ  on  target.  Most  testa 
were  conducted  with  a  Quanta-Ray  Nd:YAQ 
laser  operating  at  1.06  micron,  366  nm,  or 
266  nm,  The  Nd:YAQ  pulse  length  was  10  ns 
with  a  pseudo-annular  ring  beam  profile 
resulting  from  the  diffraction  coupled  reso¬ 
nator  (DOR).  The  experimental  set-up  and 
technique  (Figure  5)  involve  operating  the 
laser  at  near  maximum  output  and  atten¬ 
uating  the  beam  for  the  desired  energy  on 
target.  The  laser  beam  was  focused  through  a 
barricade  window  and  on  the  surface  to  the 
explosive  sample.  The  lens  used  was  a  260-mm 
focal  length  lens  with  f/28  and  large  depth 
offleld.  The  explosive  surface  to  be  initiated 
was  either  unconfined  or  confined  with  a 
UV-quart2  window.  Care  was  taken  to  assure 
that  dielectric  breakdown  did  not  occur  in  the 
air  or  UV-quarts  window  before  the  beam 
reached  the  explosive  surface.  All  tests  were 
performed  at  ambient  atmospheric  conditions 
for  Los  Alamos.  No  gap  existed  between  the 
window  and  the  explosive  surface.  Each  sam¬ 
ple  was  aligned  to  the  laser  beam  using  an 
autocollimaior/alignment  telescope,  In  all 
tests,  8  percent  of  the  beam  was  split  off  and 
sent  to  0  energy  meter  and  recorded,  Extensive 
testing  was  performed  to  assure  correlation 
between  on-target  energy  and  energy  mea¬ 
surement  readings  were  accurate.  A  fast 
(600-pB  risetime)  biplanar  photodiode  detected 
the  laser  pulse  for  a  time  sero  (to)  to  be  used  for 
explosive  timing  purposes.  A  conventional 
electrical  pin  switch  was  placed  on  the  output 
side  of  the  aluminum  cup  opposite  the 
l.Bg/cm^  PBX-9407  explosive  for  measuring 
function  time  (tf).  Both  signals  were  recorded 
on  a  digital  oscilloscope  and  digital  time  inter¬ 
val  counter.  Since  we  are  interested  in  prompt 
detonation,  function  timing  is  essential  to 
distinguish  between  prompt  detonation  and 
deflagration-to-detonation  transition  (DDT). 
Many  previous  experimenters  apparently  did 
not  have  the  need  to  record  function  time, 
making  their  data  essentially  unrelatable  to 
our  work  where  we  must  distinguish  prompt 
detonation  fVom  DDT.  The  initiation  process 
cannot  be  understood  without  timing  con¬ 
siderations.  Midway  in  our  testing,  we 
acquired  and  installed  a  Beamcode*  CID  two- 
dimensional  beam  profiler  (200  nm  -  llOOnm) 
to  record  beam  profile  for  each  individual  test. 
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Figure  S,  Optical  Test  Set-up  for  Laser 
Initiation  ofHxploaiues 

Bach  test  data  includes:  explosive  parameters 
(particle  size,  batch  number,  density,  physical 
dimensions),  laser  parameters  (energy,  power, 
energy/power  density,  pulse  length,  beam 
profile),  and  function  time  of  the  explosive. 
Special  tests  were  performed  to  evaluate  explo¬ 
sive  run  distance  to  full  detonation  and 
induction  timo  (time  fi'om  laser  pulse  to  onset 
of  chemical  reaction), 

EXPERIMENTAL  DATA  AND 
RESULTS 

PETN  and  HMX  were  promptly  det¬ 
onated  at  308  nanometers  at  power  densities 
that  relate  to  explosive  type  and  density  (Fig¬ 
ure  6).  These  data  represent  approximately  30 
tests  at  each  density.  The  threshold  value  and 
error  bars  were  determined  by  the  ASBNT^ 
computer  code.  HNS  could  not  be  detonated  at 
any  power  density  up  to  the  laser's  maximum 
of  -B  QW/cm*.  The  reason  is  uncertain,  since 
the  optical  reflection  data  for  all  three  of  the 
explosives  is  not  slgniileantly  different. 

Approximately  400  PETN  and  100  HMX 
total  testa  were  performed  at  1.06  micron, 
1 55  nm,  and  266  nm  at  explosive  densities  0.9  - 
l.Jg/cm^.  The  explosive  function  times  (tf) 


1112 


Figure  6,  Threshold  for  Initiation  of  PETN, 
nMX,andfINSat30anm 


were  measured  from  Ihe  time  the  laser  beam 
Impacted  the  explosive  surface  (tu)  to  the  time 
of  pin  switch  closure  at  the  output  side  of  the 
explosive  sample  (Figures  7»  8,  and  9).  In  ail 
tests  as  the  stimulus  increased  the  function 
time  decreased  to  an  asymptotic  limit  of  ~100  - 
160  nanoseconds  longer  than  the  full  detona¬ 
tion  velocity  through  the  sample  would  predict. 
As  the  stimulus  was  decreased  to  near  thresh- 
old»  the  function  time  would  increase  by  ~30Q 
nanoseconds  and  at  lower  stimulus  fail.  The 
mixed  region  stimulus  between  fire/fail  was 
usually  small  (‘-0.08  aw/cm“), 

Since  power  densities  (>  0.7QW/cm^) 
resulted  In  an  excess  function  time  of  --lOO  • 
300  nanoseconds,  we  conducted  experiments  to 
evaluate  the  explosive  surface  during  the 
imparling  of  the  laser  energy  at  various  power 
densities  from  threshold  to  well  above  thresh¬ 
old.  Wo  added  to  our  exporimcntal  set-up 
(Figure  10)  to  include  the  ability  to  view  the 
surface  of  the  explosive  with  an  electronic 
streak  camera  synchronised  with  the  laser 
pulse.  Streak  records  were  recorded  from 
below  threshold  (0.7OW/cm**)  to  l,62GW/cm‘‘* 
(Figures  1 1  a-D.  'rhese  streak  records  show  the 
plasma  from  the  laser  pulse  Interacting  with 
the  explosive,  the  time  delay  between  laser 
pulse  and  initiation,  and  the  detonation  front 
expanding  out  radially  at  the  explosive/ 
window  interface.  One  can  see  the  slope 
(detonation  velocity)  increase  and  then  con¬ 
tinue  at  a  constant  detonation  velocity.  These 
data  have  been  quantified  (Figure  12)  and 
compared  with  full  detonation  velocity  for 
0.9g/cm®  PKTN.  The  measured  function  lime 
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Figure  8,  Power  Density  Vs.  Function  Time 
and  Threshold  for  PETN  at  355  nm 
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Figure  9.  Detonation  of  0.9  glee  PETN  at 
266  nm,  10  ns  Laser  Pulse  with  Window 

(tf)  less  the  inherent  delay  time  from  laser 
pulse  to  initiation  should  result  in  the  full 
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Figure  JO.  Streak  Camera  Technique  for 
Induction  Time  Measurement 

detonation  velocity,  The  streak  record  in 
Figure  lie  wee  loated  near  threshold 
(0.76  QW/cm^)  and  exhibits  an  unusual  initia¬ 
tion  profile.  The  explosive,  initiated' along  the 
periphery  of  the  laser  pulse,  propagates 
radially  outward,  but  not  inward,  at  least  on 
the  surface  of  the  PBTN. 

DISCUSSION  OF 
KXPKRIMENTAL  RESULTS 

XeCI  (308  nm)  Bxcimer  beam  diameters 
were  measured  by  laser  burn  patterns  on  laser 
burn  paper,  The  CID  beam  profiler  was 
incorporated  early  in  the  NdiYAQ  test  data. 
The  beam  envelope  on  target  was  essentially 
tho  same  on  all  Nd:YAQ  tests,  but  energy/ 
power  distribution  in  tho  envelope  did  vary, 
ilowever,  wo  have  not  been  able  to  attribute 
any  unpredictable  performance  because  of 
energy  distribution  within  tho  envelope. 

Prompt  laser  initiation  of  PBTN  is  easier 
than  HMX  at  wavelengths  1,06  micron, 
366  nm,  and  266 nm.  HNS  (O.Og/rm^)  cannot 
be  initiated  at  power  densities  as  high  as 
6.0  QW/cm‘‘'  at  any  of  the  wavelengths  tested 
even  though  spectral  data  would  suggest 
otherwise.  The  addition  of  graphite  (6  10  per¬ 
cent)  does  not  decrease  the  power  threshold. 
Streak  camera  records  of  laser/explosive  sur- 
face  interaction  show  how  the  lower  optical 
power  density  input  affects  the  Initiation  and 
builds  to  full  detonation  velocity.  The  lower 
power  densities  result  in  longer  times  between 
laser  pulse  and  first  reaction  of  the  explosive. 
This  phenomenon  is  similar  to  streak  records 
for  initiating  PBTN  by  exploding  bridgewires.^ 


Streak  records  can  help  interpret  earlier 
timing  data.  One  particular  test  (Figure  1  Ic), 
flred  at  near  threshold  condition,  exhibits  an 
unusual  initiation  begun  on  the  periphery  of 
the  laser  pulse.  We  originally  thought  this 
streak  record  to  be  an  anomaly,  however, 
review  of  earlier  theoretical  calculations^ 
suggest  periphery  initiation  is  possible.  R.  J, 
Harrach,  Lawrence  Livermore  National 
Laboratory,  has  calculated  a  thermal  initiation 
model  indicating  that  under  certain  circum¬ 
stances  the  center  of  a  beam  could  ablate  the 
explosive  surface  and  Initiate  on  the  beam 
edge.  This  is  exactly  what  we  observed  under 
slightly  different,  but  similar  conditions,  and 
thus  adds  credence  to  a  thermal  initiation 
mechanism  at  1.06  micron,  At  UV  wave¬ 
lengths,  confinement  of  the  initiating  surface 
is  not  as  significant  as  with  1,06  micron.  Since 
an  order  of  magnitude  increase  in  optical 
absorption  in  the  UV  and  conflnement  at  UV 
wavelengths  has  no  appreciable  affect  on 
initiation,  one  can  speculate  that  different 
mechanisms  might  be  taking  place  at 

I. 06  micron  and  266  nanometer  (possibly 
thermal  and  photodlssociatlon,  respectively). 

CONCLUSIONS 

The  longer  wavelengths  (i.e.  1,06  micron) 
appear  to  cause  initiation  by  thermal  hot  spots 
that  grow  to  detonation,  wheroas  tho  shorter 
wavelengths  (266  -  308  nanometers)  may 
possibly  initiate  by  bond-breaking  (or  at  least 
energy  deposited  Inside  crystals,  Table  1). 
These  hypotheses  are  partly  supported  by  tho 
fact  that  for  longer  wavelengths,  the  laser 
pulso/explosive  surface  must  be  confined  by  an 
optically  transmitting  window  in  order  for 
prompt  detonation  to  occur,  but  short 
wavelengths  can  promptly  detonate  the  same 
explosive  at  lower  energy  and  power  densities 
with  or  without  physical  confinement  of  tho 
interface. 
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Figure  lla.  Streak  Camera  View  of 
Exploeiue/Laaer  Pulae  Interaction  Surface 
Through  a  UV ‘Quart*  Window 


Figure  lie.  Fired  at  0.67  QW/cm^i  Laeer 
Plaema  and  Detonation  Front  Recorded 


Figure  lib.  Fired  at  0,62  QW/cm‘:  Laeer 
Plaema  Only 


Figure  lid.  Fired  at  0.76  QW/cm^;  Laeer 
Plaema  and  Detonation  Front  Recorded 


Figure  lie.  Fired  at  1.13  OWtcm^i  Laeer  Figure  Ilf.  Fired  at  1.60  QWlcm^;  Laeer 

Plaema  and  Detonation  Front  Recorded  Plaema  and  Detonation  Front  Recorded 
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Figure  12,  Quantified  Data  from  Figure  1 1 ; 
Sxcea*  Timee,  Function  Timet,  and  Difference 
in  Timet  Compared  to  Full  Detonation  Velocity 
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Tablet.  PETN  Data  Summary 


Wavelength 

(nin) 

Detonation  Power  Density 
Threshold  with 
UV-Quarts  Confinement 
(GW/cm*) 

Detonation  Power  Density 
Threshold  without 
UV-Quartz  Conflnement 
(QWen?) 

1064 

0.71 

>6.00 

366 

0.60 

2.60 

308 

0.60 

0.70 

266 

0.26 

0.60 
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DISCUSSION 

BARRY  T,  NEVER 
EQ&G  Mound  Applied  Technology 
P.O.  Box  3000 
Miamisburg,  Ohio  46343 

Have  you  noticed  any  changes  in  the 
velocity  at  threshold  as  a  function  of  flyer 
thickness? 


REPLY  BY  DENNIS  PAISLEY 

No,  I  have  not  noticed  any  changes  in  the 
thickness  of  the  plates  that  we  tested.  Thinner 
plates  have  a  higher  velocity.  We  have  not 
performed  detailed  tests  that  would  allow  me 


to  directly  answer  to  your  question;  however, 
the  thinnest  plates  tested  did  initiate  high 
density  secondary  explosives. 

DISCUSSION 

MANFRED  HELD 

MesserschmittrBolkoW'Blohm 

8898  Schrobenhauaen,  West  Germany 

What  was  the  diameter  of  the  laser  spot? 


REPLY  BY  DENNIS  PAISLEY 

The  diameter  of  the  laser  spot  was  about 
1  millimeter. 
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LASER  INITIATION  OF  SECONDARY  EXPLOSIVES 


Anita  M.  Renlund,  Philip  L.  Stanton,  and  Wayno  M.  Trott 
Sandia  Nationai  Laboratories 
Albuquerque,  New  Mexieo  8718S 


Vi^e  have  performed  several  experiments  to  investigate  the  effects  of 
explosive  material  parameters  on  energy  thresholds  for  direct  laser 
initiation  of  secon^ry  explosives.  Laser  energy  requirements  for 
initiation  of  pentaerythritol  tetranitrate  (PETN)  were  decreased  for 
small  particle  sise  powder  and  low  density  pressings.  Promptness  of 
detonation,  however,  was  aided  by  higher  densities.  Initiation  of 
PETN  was  achieved  at  energies  at  or  b«'!ow  10  mJ  (poiver  densities 
~d.2  OW  cm'^)  at  laser  wavelengths  of  1.06  pm,  532  nm,  and  355  nm 
and  strong  confinement  of  the  explosive  sample  assisted  buildup  to 
detonation.  At  355  and  308  nm,  PETN  could  be  initiated  by 
irradiation  on  the  bare  explosive  surface.  Hexahydro-1 ,3,5‘trinitro-S‘ 
triasine  (RDX)  was  initialed  at  308  nm,  but  not  at  1.06  pm.  We  were 
unable  to  initiate  hexanitrostilbene  (HNS)  by  direct  irradiation  at  any 
of  these  wavelengths.  The  results  suggest  that  if  sufficient  energy  is 
deposited,  a  fast  deflagration  or  convective  burn  is  achieved  and  that 
this  grows  to  detonation  via  a  conventional  deflagration-to-detonation 
transition  (DDT). 


INTRODUCTION 

Expurlmenlttl  and  theoretical  studies  on 
prompt  initiiition  of  energetic  materials  began 
in  the  19608,  shortly  after  the  advent  of  the 
laser.  This  continues  to  be  an  active  research 
field  driven,  in  part,  by  improvements  in 
miniaturization  of  high-power  lasers.''^  Sur¬ 
vey  of  much  of  the  literature  reveals  that  in 
several  cases  these  studies  of  laser  initiation 
have  not  documented  important  experimental 
parameters.  In  particular,  description  of  the 
high  explosive  (ME)  material  (e.g.,  microstruc- 
tural  properties,  dopants,  etc.)  has  geneially 
beei:  inadequate.  Thus,  while  foasibi'ity  of 
laser  initiation  of  IIEs  is  well  established, 
there  remains  little  understanding  of  con¬ 
trolling  mechanisms  or  material  parameters 
which  affect  initiation  thresholds. 

Laser  radiation  has  been  used  in  two 
distinct  approaches  to  lead  to  prompt  ini¬ 
tiation  of  an  HE.  Acer  Icration  of  a  thin  flyer 
plate  by  a  laser-generated  plasma  and  subse¬ 
quent  impact  of  the  flyer  onto  the  HE  causes 


initiation  via  a  shock  mechanism.^  Further 
characterization  of  this  initiation  scheme  is 
needed;  however,  the  important  HE  param¬ 
eters  are  expected  to  be  very  similar  to  those 
associated  with  electrically-driven  flyer  ini¬ 
tiation.  Another  approach  to  prompt  HE 
initiation  relies  on  direct  interaction  of  the 
laser  output  or  the  laser-generated  plasma 
with  the  explosive  material.^'^  The  experi¬ 
ments  described  in  this  paper  focus  on  the 
effects  of  both  laser  ^.nd  explosive  material 
parameters  on  these  "direct”  initiation  proces¬ 
ses.  In  addition,  we  consider  Initiation  of  only 
secondary  HEs. 

Pentaerythritol  tetranitrate  (PETN)  has 
been  our  explosive  of  choice  for  this  study,  in 
part  because  recent  work  showed  that  it  could 
be  initiated  at  modest  laser  energies.**''  Other 
HE  materials  which  we  have  attempted  to 
initiate  include  hexanitrostilbene  (HNS)  and 
hexahydro-  1,3,6-trinit:  o-s-triaziine  (RDX). 
The  sheer  number  of  material  and  laser 
parameters  which  may  influence  initiation  and 
detonation  behavior  make  this  ongoing  study 
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complex  and  time  consuming.  The  variables 
over  which  we  have  exercised  some  control 
include  the  HE  particle  size  and  density,  the 
confining  window  materials,  dopants  added  to 
enhance  absorption  of  the  laser  energy,  coat¬ 
ings  on  the  window  to  enhance  plasma  gener¬ 
ation,  and  laser  wavelength,  pulse  duration 
and  spot  size.  Our  aim  has  been  to  observe  the 
elTects  of  these  variables  on  both  the  energy 
threshold  and  promptness  of  initiation.  In 
addition  we  have  employed  optical  diagnostics 
that  might  aid  in  elucidating  the  initiation 
mechanism. 

EXPERIMKNTAL 

Sample  Preparation 

PETN  powder  was  obtained  from  several 
sources.  Table  1  lists  some  of  the  powders  we 
tested,  their  sources  and  lot  numbers,  and 
particle  size  information  where  available. 
Since  particle  size  measurements  based  on  the 
Fisher  sieve  size  and  BBT  are  not  directly  com¬ 
parable,  we  obtained  scanning  electron  micro¬ 
scopy  photographs  of  samples  of  the  first  four 
materials  listed.  These  showed  that  the 
Mound  ER17119  (HSSA)  was  in  fact  smaller  in 
particle  size  than  the  Pantex  7119-304M-01 
(Micronized)  and  the  listing  in  the  table  Is  in 
order  of  apparent  particle  size. 

For  the  initiation  tests  described  hero,  the 
powders  were  pressed  into  cylindrical  fixtures 


that  confined  the  HE  radially  in  an  aluminum 
ring  and  on  the  faces  with  optical  windows, 
The  powder  was  pressed  to  the  desired  density 
(linear  mechanical  pressing)  into  the  ring 
against  the  optical  window  through  which  the 
laser  radiation  was  later  admitted.  For 
reference  purposes,  this  will  be  called  the  front 
or  initiation  face.  To  obtain  different 
confinement  conditions  we  used  windows  of 
different  shock  impedances,  namely  sapphire, 
fused  silica  (FS),  and  lucite.  In  some 
experiments  we  used  windows  onto  which 
600-A  thick  aluminum  had  been  vapor 
deposited.  The  aluminum  was  used  to  enhance 
plasma  formation  at  the  window/IIB  interface. 
After  pressing,  a  lucite  window  was  afllxed  to 
the  back  of  the  aluminum  ring  to  complete 
confinement  of  the  HE  powder  column. 
Nominal  densities  of  PETN  ranged  from  0.9  to 
1.4  g  cm'^  (61  percent  to  79  percent  theoretical 
maximum  density)  and  the  charge  dimensions 
were  3.18  mm  in  diameter  by  6.36  mm  long. 

Initiation  Tests 

The  experimental  arrangement  is  shown 
schematically  in  Figure  1 .  For  most  of  these 
tests  we  used  a  Q-swltched  NdiYAQ  laser 
(Quanta-Ray  OCR  2A)  operating  at  1.064  pm. 
At  full  power,  the  temporal  profile  of  the 
output  consisted  of  sevoral  high  intensity  mode 
spikes  in  an  envelope  of  10  ns  (FWHM).  The 
pulse  width  could  be  lengthened  to  36  ns  by 
adjusting  the  bank  voltages  to  the  oscillator 


Table  I .  PtlTN  Powders  for  Laser  Initiation  Studies 


Source" 

Lot# 

Sp.  Surf.  Area 
m2g‘ 

Comments 

Mound 

ER17119 

2.1  (Fisher) 

"High  Spec.  Surf.  Area”  (HSSA) 

Mound 

UKL-16U 

0,6  (Fisher) 

UK  fine 

Pantex 

7119-304M-01 

3.0  (BBT) 

Micronized 

Pantex 

1076-0211 -196 

0.4  (BET) 

XTX  grade 

LANL 

Type  12 

1.3 

Type  12 

UPI 

EI.-82493 

NA 

XTX  grade 

UPl 

EL-82494 

NA 

3%Zr-doped  XTX  grade 

"Samples  obtained  from  R.  Thorpe  of  EQ&Q  Mound  Laboratories,  A.  Duncan  of  Mason  &  Hanger 
Pantex  Plant,  1).  Paisley  of  lios  Alamos  National  Laboratory  (LAND,  and  J.  Fronabarger  of 
Unidynainics  Phoenix,  Inc.  (UPl). 
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Figure  /.  Schematic  Drawing  of  Experi¬ 
mental  Arrangement  for  lM$er  Initiation  Teeta 

and  amplifier  lamps.  Most  of  the  tests  were 
carried  out  with  a  pulse  width  of  20  ns.  The 
energy  was  attenuated  to  the  desired  level 
using  optical  filters.  The  spatial  profile  of  the 
output  was  not  uniform  over  the  output  spot 
but  was  in  the  familiar  '*donut"  mode. 

Simple  lenses  (12-  to  16-cm  focal  lengths) 
were  used  to  focus  the  laser  energy  onto  the 
HE.  In  order  to  avoid  air  breakdown  due  to  the 
high  optical  power  density  near  the  focal  plane, 
the  sample  hxturo  was  mounted  in  a  vacuum 
chamber  which  was  evacuated  to  <0.1  Torr 
prior  to  firing.  The  fixture  was  positioned  so 
that  the  laser  output  was  brought  to  a  focus  at 
the  window/HE  interface;  some  defocussing  in 
the  window,  however,  limited  the  spot  size  to 
'•O.S-mrn  diameter  on  the  HE  surf^ace.  The 
sample  position  whs  adjusted  as  needed  to 
account  fur  the  dilTorent  refractive  indices  of 
the  window  materials.  Spot  sizes  were  esti¬ 
mated  from  energy  measured  through  a 
pinhole  scanned  in  contact  with  the  rear  sur¬ 
face  of  a  window.  A  10  percent  beamsplitter 
was  used  to  direct  a  portion  of  each  laser  pulse 
to  an  energy  probe.  This  was  calibrated  to  the 
Hctual  energy  delivered  to  the  HE  sample.  All 
laser  energies  cited  here  are  those  calculated  to 
be  seen  by  the  ME.  In  addition  to  the  energy 
monitor,  a  phototube  (not  shown)  viewed  the 
laser  pulse  to  give  an  initial  time  marker. 

A  photomultiplici'  Lube  (PMT  #1)  moni¬ 
toring  light  output  at  the  back  surface  of  the 
ME  charge  was  used  to  determine  function 
time.  In  previous  experiments  we  have 
observed  that  care  must  be  exercised  when 
using  detonation  emission  as  a  timing  marker 
since  first  light  observed  from  the  back  of  the 


charge  is  often  due  to  emission  shining 
through  unreacted  material.^  Fortunately,  the 
light  coincident  with  detonation  wave  "break¬ 
out”  at  the  back  surface  can  be  distinguished 
from  "shine  through”  light  by  direct  com¬ 
parison  of  the  temporal  and  spatial  properties 
of  the  emission.  Accordingly,  we  have  verified 
the  timing  by  simultaneously  measuring  the 
output  of  the  PMT  and  recording  the  emission 
on  a  fast-framing  electronic  image-converter 
camera  (Hadland  Photonics  Ltd.,  Imaeon  676). 

A  limited  number  of  initiation  tests  were 
mode  using  vmvelengths  other  than  1.06  pm. 
Both  the  second  and  third  harmonics  of  the 
Nd:YAQ  laser  were  used  in  experimental  con¬ 
figurations  much  the  same  as  that  described 
above.  The  only  substantive  change  concom¬ 
itant  with  doubling  and  tripling  the  laser 
frequency  was  in  the  pulse  width.  For  condi¬ 
tions  yielding  a  20  ns  pulse  width  at  1,06  pm, 
the  pulse  widths  at  532  nm  and  366  nm  were 
16  ns  and  12  ns,  respectively.  In  addition  to 
the  NdiYAQ  laser  we  used  an  excimer  laser 
(Lambda  Physik,  EMQ200)  at  308  nm  in  some 
tests.  Us  pulse  width  was  24  ns  (FWHM),  The 
temporal  profile  of  this  laser  lacked  the  intense 
mode  spikes  of  the  NdiYAO  laser,  Its  beam  size 
at  the  focus  was  ■^1X2  mm. 

Optical  diagnostics  were  used  to  study 
reactions  at  the  initiation  face  of  tho  HE.  In 
the  simplest  configuration  (see  Figure  1) 
PMT  #2  viewed  light  from  the  front  surface  to 
observe  the  time  at  which  substantial  reaction 
occurred.  We  also  analyzed  that  omission  spec¬ 
troscopically.  Single-pulse  Raman  spectro¬ 
scopy  was  employed  to  monitor  reaction 
progress  at  tho  front  face.  This  required  a 
second  iascr  pulse  (a  dye  laser  at  527  nm) 
delayed  relative  to  tho  initiation  laser  with  the 
Raman  signai  collected  and  analyzed  as 
described  in  Reference  9. 

RESUl/rS 

Initiation  Thresholds 

At  the  present  stage  of  this  study,  we 
have  been  unable  to  fire  enough  identical 
explosive  devices  to  establish  the  initiation 
threshold  values  at  a  high  statistical  confi¬ 
dence  level.  Generally  only  five  identical 
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samples  were  flred  at  difTerent  laser  energy 
levels  (all  other  conditions,  i.e.,  laser  spot  size, 
wavelength  and  pulse  width  being  unchanged) 
to  establish  go/no  go  levels.  Threshold  values 
cited  here  are  the  lowest  energies  at  which 
detonation  was  achieved.  A  practical  upper 
limit  on  laser  energy  was  reached  at  '-260  mJ 
(>1  QW  cm'^)  due  to  damage  and  energy 
dissipation  in  the  windows.  Two  types  of 
explosive  events  were  observed,  In  a  few  cases, 
buildup  to  detonation  did  not  occur  and  the 
PETN  only  deflagrated.  At  somewhat  higher 
laser  energies,  detonation  was  usually 
achieved  in  similar  samples.  Clear  diflerences 
were  observed  between  the  deflagrating  and 
detonating  samples,  both  in  the  device  function 
times  and  in  the  damage  to  the  explosive 
fixture.  Table  2  lists  results  from  several  test 
conditions  for  initiation  of  PETN  using  1.06- 
pm  radiation.  In  separate  tests  we  observed 
nosigniflcant  difference  in  initiation  thres¬ 
holds  for  laser  pulse  widths  between  10  and  25 
ns,  but  slightly  higher  laser  energies  were 
required  at  longer  pulse  widths. 

Function  Times 

Figure  2  shows  typical  data  traces  from 
which  we  derived  the  device  function  times. 
The  upper  trace  is  fl’om  the  phototube  viewing 
the  laser  pulse,  the  lower  trace  is  from  PMT  #1 
viewing  the  end  of  the  PETN  column.  Figure  3 
is  a  fast-framing  photograph  of  the  detonation 
event  as  seen  from  the  back  of  the  fixture.  The 
early  frames  show  the  shine-through  of 
detonation  light  from  within  the  sample.  The 
two  bright  frames  (frames  6  and  6)  are  of  light 
generated  when  the  detonation  wave 
interacted  with  the  rear  lucite  window.  These 
are  coincident  in  time  with  the  sharp  rise  and 
narrow  peak  of  the  PMT  #1  signal  shown  in 
Figure  2.  The  function  time  of  the  device  was 
therefore  the  interval  between  the  laser  pulse 
and  the  sharp  rise  observed  on  the  back  PMT 
signal.  Our  measure  of  promptness  was  the 
excess  function  time,  i.e.,  the  time  measured  in 
excess  of  that  of  a  steady  detonation  wave 
traveling  through  the  6.36  mm  long  column  of 
PETN,  at  the  given  density.  In  all  cases,  we 
observed  an  increase  in  function  time  us  the 
laser  energy  was  reduced  to  the  threshold 
value.  At  sufflciently  high  energy,  the  excess 


Figure  2.  PMT  Tracee  from  Which  We  Derive 
DeviceFunctionTime,  a) Laser  initiation pulse, 
b)  Temporal  profile  of  emission  observed  at  the 
end  of  the  detonating  PETN  column,  (Com- 
pare  to  spatial  profile  of  emission  shown  in 
Figure  3,)  The  function  time  for  this  device 
(HSSA,  p  -  1,0 gcm"^)  was  1,36  ps,  the  excess 
transit  time  was  200  ns. 


Figure  3,  Fast-framing  Photograph  of  Emis¬ 
sion  Viewed  at  the  End  of  the  Detonating 
PETN  Column,  (Compare  to  temporal  profile 
shown  in  Figure  2b,) 

transit  time  approached  a  limiting  value  which 
depended  on  the  HE  sample  and  its  con¬ 
finement.  We  include  in  Table  2  the  shortest 
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Table  2,  Initiation  Teat  Data  Summary 


A.  BffectofpowdertFS  window,  1.2  gcm‘^,0.7-mm  spot  size) 

Powder 

Threshold 

Min  tei 

Energy  at  min  tgi 

HSSA 

47  mJ 

60  ns 

63  mJ 

Mlcronizod 

43 

160 

72 

UK  Fine 

52 

300 

54 

LANL-12 

59 

60 

72 

XTX 

166 

>6000-Defl 

196 

XTX/Zr 

100 

700 

106 

B.  Effect  ofdensity  (FS  wind 

ow,  HSSA,  0.6-mm  s 

pot  size) 

Density 

Throshold 

Min  t0]i 

Energy  at  min  tei 

20  mJ 

120  ns 

41  mJ 

1.0 

18 

no 

44 

1.2 

39 

60 

50 

1.4 

69 

40 

86 

C.  Effect  ofwindow  (UK  fine,  1,2  gcm'^,0.7-mm  spot  size) 

Window 

Threshold 

Min  tfx 

Energy  at  min  t,. 

Lucite 

64  mJ 

400  ns 

73  mJ 

FS 

62 

300 

64 

Sapphire 

46 

100 

70 

D,  Effect  of  A1  on  window  (HSS 

lA,  1 .2  g  em*^,  0.6-mm  spot  size) 

Window 

Threshold 

Min  tei 

Energy  at  min  t^t 

FS 

36  mJ 

60  ns 

62  mJ 

FSwithAl 

22 

15 

36 

excess  transit  times  (min  tai)  we  measured  for 
a  given  test  series.  The  laser  energies  at  which 
these  min  t^n's  were  measured  are  also  given  in 
Table  2.  In  some  cases,  the  min  t^t  may  not 
represent  the  true  limiting  values  which  can 
require  a  laser  energy  twice  the  threshold 
energy. 

Wavelength  Dependence 

We  performed  some  initiation  tests  at 
wavelengths  other  than  the  Nd:  YAQ  fun¬ 
damental  to  see  if  there  was  any  wavelength 
speciilcity  to  the  initiation  process.  ?'or  HSSA 
PBTN  at  a  density  of  1.0  g  cm'^,  conflned  by  a 
fused  silica  window,  we  observed  no  significant 
changes  in  laser  energy  thresholds  or  function 
times  in  going  to  632  or  365  nm.  For  both 
wavelengths,  we  achieved  initiation  at  7  mJ 


with  excess  transit  times  of  200  ns.  Under 
similar  conditions  the  lowest  energy  at  which 
PBTN  was  initiated  at  1.06  pm  was  10  mJ. 
The  corresponding  power  densities  were  all 
>^0.2  QW  cm  ’^.  Bxperiments  at  308  nm  used  an 
excimer  laser  operating  on  XeCI.  The  spot  size 
was  larger  and  the  pulse  length  longer  with 
this  laser.  Initiation  thresholds  were  '^76  mJ 
(power  density  ^0.16  QWcm'^).  The  excess 
transit  times  were  generally  <  100  ns. 

One  marked  dilTersncc  was  observed  in 
initiation  of  the  PBTN  at  the  shorter  wave¬ 
lengths.  The  need  for  confinement  was  not 
as  great.  In  fact,  the  PBTN  was  easily  ini¬ 
tiated  at  308  nm  without  window  confinement. 
We  observed  roughly  the  same  initiation 
thresholds  with  and  without  windows  at  this 
wavelength;  those  samples  with  windows 
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functioned^  on  average,  about  60  ns  faster  than 
those  without  windows.  At  366  nm  there  was  a 
more  marked  difference  in  thresholds  with  and 
without  a  window;  three  times  greater  energy 
was  required  to  initiate  uiiconfined  PETN.  At 
both  632  nm  and  1.06  |im  we  were  unable  to 
initiate  PETN  without  window  confinement  at 
energies  up  to  200  mJ. 

Optical  Diagnoftios 

These  preliminary  studies  were  aimed  at 
giving  us  information  on  the  mechanism  of  the 
initiation  process.  In  tho  simplest  case,  we 
looked  at  the  time  when  light  was  omitted  f^rom 
the  front  face  of  the  detonating  HE  sample. 
Data  from  such  experiments  are  shown  in 
Figure  4.  The  first  peak  in  the  omission  profile 
is  due  to  tho  laser  and  the  laser-generated 
plasma.  Emission  from  the  plasma  was 
observed  in  all  experiments  including  initia¬ 
tion  failures.  The  second  emission  feature 
varied  in  time  depending  on  initiation  param¬ 
eters.  It  was  usually  delayed  by  less  than 
400  ns  relative  to  the  laser  pulse  for  those 
samples  which  detonated  fairly  promptly 
(<  200  ns  excess  transit  time),  in  slow 
functioning  devices,  however,  It  was  occasion¬ 
ally  delayed  so  that  it  appeared  after  the  light 
was  viewed  at  the  rear  surface.  Experiments 
that  resolved  this  emission  spectrally  showed 
that  the  light  was  broad  and  unstructured. 

Kaman  experiments  on  the  front  surface 
wore  difTicult.  Tho  Raman  signal  was  viewed 
on  top  of  an  emission  continuum  from  either 
the  laser-generated  plasma  or  tho  detonation 
light.  Also,  there  were  some  lines  that  arose 
from  the  interactions  of  tho  driving  laser  with 
the  confining  window.  A  typical  spectrum  is 
shown  in  Figure  5.  In  general,  we  were  unable 
to  see  anything  but  bright  plasma  omission  at 
early  times  and  only  detonation  light  at  late 
times.  In  between,  wo  observed  mostly  a 
decrease  in  the  intensity  of  the  PETN  signal 
with  time,  but  observed  no  significant  new 
species.  Thu  parent  PETN  signal  porsistod 
until  it  was  swamped  by  the  detonation  light. 

KDXand  HNS 

RDX  was  successfully  initiated  at 
308  nm,  but  nut  at  1.06  pm.  The  RDX  powder 
has  not  boon  fully  characterized  at  this  time. 


Figure  4.  Temporal  Profile  of  EmlBilon 
Viewed  at  the  Initiation  Face  of  the  PETN. 
The  first  peak  is  due  to  the  laser  pulse.  It  is 
broadened  relative  to  that  in  Figure  2a  because 
of  emission  from  the  laser-generated  plasma, 
which  was  characteristic  of  all  experiments 
including  those  samples  that  failed  to  initiate. 
The  function  lime  for  this  device  (IISSA, 
p  =  I.O  g  cm‘^)  was  1.44  ps,  the  excess  transit 
time  was  290  ns. 


Figure  5.  Single-pulse  Haman  Spectra  of  the 
Front  Face  of  the  PETN  Before  and  80  ns  After 
Initiating  Laser  Pulse.  The  peak  marked  with 
an  asterisk  (*)  is  emission  at  580  nm  from  Na 
impurity  in  the  PETN.  The  Haman  laser 
excitation  wavelength  was  527  nm. 

The  laser  energy  threshold  was  similar  to  that 
for  HSSA  PETN,  but  the  excess  function  time 
was  considerably  longer  at  >  300  ns.  We  were 
unable  to  initiate  fine  particle  HNS  (specific 
surface  areas  of  6  m^  g  '  and  13  m^  g'*)  at 
densities  from  1.2  to  1.6  g  cm  ^  by  direct  laser 
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irrudiation  at  energy  lavela  to  260  mJ  (power 
density  >  1  QW  cm’^).  We  did  see  signiAcant 
charring  of  the  HNS  pellet,  but  reaction  did  not 
grow  to  sustained  deflagration  or  detonation. 
In  separate  experiments,  however,  HNS  was 
initiated  by  a  laser-accelerated  flyer  at  laser 
energies  <  100  mJ. 

DISCUSSION 

Examination  of  the  resuits  presented 
above  shows  that  specific  design  choices  can  be 
made  to  optimize  the  initiation  of  PBTN  at 
1.06  pm.  At  these  densities  it  is  clearly 
advantageous  to  use  fine  particle  PETN;  this 
loads  to  a  decreased  energy  threshold  for 
initiation  at  no  cost  to  detonation  perfor¬ 
mance.  By  contrast,  while  decreasing  the 
density  of  the  PETN  in  this  range  also  leads  to 
lower  threshold  energies,  the  excess  transit 
time  generally  increases.  Moreover,  timing 
reliability  is  compromised,  i.e.,  the  Jitter  in  the 
function  time  increases,  Whether  the  observed 
uncertainly  in  timing  is  duo  solely  to  the 
device  reproducibility  in  this  study  or  to  some 
fundamental  difflculty  in  the  physical  and 
chemical  processes  loading  to  detonation 
cannot  bo  inferred  from  the  limited  data  base. 

While  we  have  not  yet  employed 
extensive  diagnostics  to  determine  the  details 
of  the  initiation  mechanism,  we  do  have 
eufficionl  data  to  explore  how  the  absorption  of 
optical  radiation  can  load  to  detonation.  In 
particular,  we  are  inturesled  in  understanding 
tho  processes  that  give  rise  to  the  excess 
transit  times  measured  in  these  experiments. 
For  applications  of  laser  initiation  it  may  bo 
vital  to  control  tho  excess  transit  time  as  this 
will  govern  tho  function  time  precision  of  an 
optically-driven  detonator. 

A  simplified  distance-time  (x-t)  diagram 
is  shown  in  Figure  6,  which  illustrates  two 
possible  causes  oftho  excess  lime.  Point#!  in 
tho  figure  is  the  measured  function  time  of  the 
device.  The  slope  of  the  lino  approaching  point 
#I  is  determined  by  the  known  detonation 
velocity,  I)*,  for  PKTN  at  tho  given  density. 
Extrapolation  of  this  lino  to  x  =  0  describes  a 
process  where  an  induction  time  is  needed  at 
the  front  surface  to  generate  the  pressure  and 
temperature  conditions  to  promote  detonation. 


Detonation  would  then  proceed  feom  this 
surface  at  the  usual  detoiietlon  velocity.  The 
excess  transit  time  would  thus  be  a  measure  of 
this  induction  or  delay  time.  An  alternaUve 
description  of  the  Initiation  process  views 
detonation  as  reached  afler  transition  from  a 
slower  process  (deflagration  or  reactive  shock 
propagation)  generated  by  the  laser  pulse,  in 
this  case,  there  is  a  transition  to  the  steady 
detonation  wave  after  some  induction  length, 
within  the  bulk  of  the  Hl^,  The  excess 
transit  time  is  then  a  measure  of  the  velocity  of 
the  alow  process  and  how*  far  it  travels  prior  to 
transition  to  detonation. 

Our  r>f9ults  lead  us  to  believe  that  it  is  the 
second  mechanism,  inyplving  a  transition  to 
detonation,  either  deflagrationtto-detOnation 
transition  (DDT),  or  Hhock-to-, detonation 
transition  (SDT),  that  dominates  In  these  laser 
initiation  experiments.  Due  indication  of  this 
is  obtained  from  the  observation  of  light 
generated  at  the  front  face  of  the  explosive  at 
aume  delay  after  the  laser  pulse  (sec  Figure  4). 
If  the  first  mechanism  controlled  initiation, 
one  would  expect  the  amission  obserx^ed  at  the 
iVoni  face  to  occur  at  a  time  Indicative  of  the 
excess  transit  lime,  but  we  usually  observe 
light  from  0.1  to  1  pa  later.  Instead,  if  this 
emission  results  from  the  interaction  of  a 
rotonation  wave  at  the  front  surface  of  the 
explosive,  tho  time  at  which  we  observed  the 


Figure  6.  Simplified  Dislance-l'ime  Diagram 
Describing  Laser -Initiation  Mechanisms 
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light  corresponds  to  point  #2  on  the  x-t  plot  of 
Figure  6.  Assuming  the  retonation  velocity 
equals  that  of  the  detonation,  point  #2  would 
be  reached  along  a  line  which  intersects  the 
detonation  at  point  #3,  From  this  intersection 
we  can  obtain  the  induction  distance,  t,  and 
the  average  dcriagration  or  reactive  shock 
velocity,  V.  For  most  of  our  experiments  this 
analysis  leads  to  values  of  (  from  0.4  to  2.6  mm 
and  V  in  the  range  of  1 .5  to  3  mm  ps'  ‘ . 

The  actual  DDT  process  is  more  complex 
than  the  description  above.  The  compressive 
nature  of  the  deflagration  or  shock  wave  leads 
to  two  main  difterences  from  the  simplified 
analysis.  First,  retonation  is  generally  faster 
than  detonation  since  the  wave  propagates 
through  higher  density  material.  Second, 
point  #2  probably  is  displaced  from  x  =  0. 
Another  complication  arises  from  the  multi¬ 
dimensional  wave  profile;  as  the  laser  pulse 
impinges  on  the  small  area  of  the  surface  the 
compressive  wave  leaves  a  concave  dent  in  the 
HE  and  the  ensuing  waves  are  decidedly  non- 
planar.  The  arrival  of  the  retonation  at  the 
emitting  surface  therefore  occurs  first  al.  'he 
deepest  point  on  the  emitting  surface,  l.e.,  the 
spot  whore  the  laser  beam  impinged.  The 
retonation  wave  will  then  continue  to 
propagate  to  the  sides  of  the  charge,  which 
were  originally  compressed  only  slightly.  This 
should  lead  to  an  emission  temporal  profile 
longer  than  if  the  interaction  had  been  with  u 
flat  surface.  This  was  indued  what  we  saw 
when  we  compared  emission  at  the  front  and 
back  Burfuces.  These  effects  combine  such  that 
the  real  value  of  f  is  less  than  predicted  from 
the  aimplified  analysis  and  that  the  deflagra¬ 
tion  velocity,  V,  should  be  larger  than  the 
earlier  ostimuto. 

Discriminating  between  SDT  and  DDT  is 
difficult,  and  further  experiments  are  neces¬ 
sary  to  determine  unambiguously  which  is 
active  in  these  initiation  processes.  A  main 
difToronce  is  the  need  for  gas  permeability  in 
DDT.  Many  of  the  trends  observed  in  these 
tests  indicate  that  DDT  is  quite  likely. 
Conventional  descriptions  of  DDT  in  low- 
density  PETN  conUin  three  distinct  regions: 
layer-by-laycr  deflagration  which  is  slow,  a 
fast  convective  burn,  and  the  steady-state 
detonation.*^  If  there  is  sufficient  initial 


pressure,  the  alow  process  may  be  absent.  In 
agreement  with  the  above  analysis  based  on 
the  emission,  the  trends  in  threshold  energy 
and  function  time  as  a  function  of  density  and 
particle  size  within  the  ranges  of  this  study  are 
consistent  with  conventional  DDT  models.^ 

The  primary  role  of  the  laser  in  prompt 
initiation  appears  to  be  generation  of  suf¬ 
ficient  pressure  and  chemical  energy  release  to 
sustain  the  fast  convective  burn.  Confinement 
is  usually  necessary  to  allow  buildup  to  the 
needed  pressure,  hence  the  beneficial  effect  of 
high  impedance  window  materials  we 
observed.  Below  the  initiation  threshold,  not 
only  is  there  insufTicient  energy  for  DDT  to 
occur  but  the  fast  convective  burn  is  itself 
dissipated.  The  ease  of  DDT  is  governed  by  the 
material  parameters.  In  this  density  range, 
coarse  particle  PETN  is  less  likely  to  undergo 
DDT  than  the  fine  particle  material.**  Also, 
buildup  of  a  convective  burn  in  RDX  is  less 
facile  than  in  PETN  and  is  extremely  difficult 
in  fine  particle  HNS  due  to  its  poor  gas 
permeability.*^ 

While  the  details  of  laser  interaction  with 
these  materials  are  not  well  understood,  we 
expect  facile  plasma  formation  during  the  laser 
pulse  at  the  power  densities  used  in  these 
experiments.  The  evidence  strongly  suggests 
that  the  generation  of  the  plasma  is  enhanced 
by  the  aluminum  coating  we  used  in  some  of 
the  experiments  and  which  led  to  reduced  laser 
energy  requirements.  This  effect  has  also  been 
observed  by  others,**’’* 

While  much  of  the  laser  absorption  is 
done  by  the  plasma,  it  appears  that  the 
material  absorptivity  has  specific  conse¬ 
quences.  It  is  most  probable  that  initiation  of 
the  Zr-doped  PETN  was  assisted  by  improved 
absorption  of  the  laser  radiation,  although 
doping  may  also  alter  the  DDT  characteristics 
of  the  HR.  Similarly,  RDX,  with  its  uv 
absorption  band  beginning  between  320  and 
340  nm*,  wuh  initiated  at  308  nm,  but  not  at 
the  longer  wavelengths.  The  most  striking 
consequence  of  the  material  absorptivity  was 


*  Absorption  spectra  wore  measured  using  a 
Cary  2300  uv-vis  nir  spectrophotometer  by  J. 
Fronabarger  of  Unidynamics  Phoenix,  Inc. 


1125 


seen  in  the  initiation  requirement  of  confine¬ 
ment  aa  a  function  of  laaer  wavelength.  The 
red  edge  of  the  abaorption  band  for  PETN  la 
between  300  and  320  nm.*  In  general,  atrone 
photochemical  effecta,  auch  aa  photoablation*^ 
occur  at  ahorter  wavolengtha,  It  ia  not 
nececaary  to  invoke  an  alternative  initiation 
mechanism  to  explain  how  PETN  can  be 
Initiated  without  fVont  aurface  confinement  at 
308  nm.  We  hypothesise  that  the  depth  of  laaer 
penetration  into  the  HE  ia  significantly  leas  at 
shorter  wavelengths  aa  the  abaorption  band  of 
PETN  ia  approached.  In  selected  wavelength 
regions,  the  pressed  HE  surface  may  act  aa  its 
own  conflnement  until  the  required  pressure  is 
reached  to  suataln  the  convective  burn.  This 
explanation  ia  consistent  with  the  observation 
that  the  laser  energy  threshold  at  308  nm  was 
not  significantly  affected  by  window  confine¬ 
ment,  but  the  excess  transit  time,  or  the  time 
to  ODT,  waa  decreased  by  the  presence  of  the 
window. 

CONCLUSIONS 

We  have  demonstrated  that  various 
material  parameters  can  affect  performance  of 
HE  initiation  by  laser  radiation.  We  believe 
several  design  variables  can  be  optimized  to 
reduce  laser  energy  requirements  while  main¬ 
taining  fast  function  times.  We  have  shown 
that  PETN  can  be  initiated  at  laser  energies 
<  10  mJ  or  with  excess  function  times  as  low 
as  20  ns  at  higher  energies,  but  the  test 
conditions  in  which  we  obtained  these  results 
were  not  fully  optimized.  Our  preliminary 
results  suggest  that  absorption  of  the  laser 
radiation  by  the  HE  leads  to  a  fast  convective 
burn  which  may  then  transit  to  detonation.  In 
future  experiments  we  will  attempt  to  monitor 
the  fast  deflagration  and  the  buildup  to 
detonation  using  velocity  interferometry  and 
other  optical  diagnostics  on  HE  samples  of 
various  thicknesses. 
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DISCUSSION 

DOUGLAS  E.  KOOKER 
U  .S.  Army  Ballistic  Research 
Laboratory 

Aberdeen  Proving  Ground,  MD 

I  am  intrigued  by  your  results,  although  I 
know  nothing  about  laser  Initiation.  Evidently 
your  data  suggest  that  the  transition  region  is 
characterised  by  an  effective  wave  speed  of  1.6 
to  3  mm/ps.  Since  wave  speeds  in  this  range 
often  imply  a  reactive  shock  wave,  I  was 
curious  about  your  reference  to  a  "fast  con¬ 
vective  burn”  and  use  of  the  term  DDT.  Would 
it  be  possible  that  the  laser-induced  reaction  is 
strong  enough  to  begin  driving  a  reactive 
shock  wave  Into  the  granular  material,  and  the 
transition  process  is  more  like  an  SDT? 


REPLY  BY  ANITA  M.  RENLUND 

With  the  dlognostics  employed  in  these 
tests,  it  is  indeed  difficult  to  discriminate 
between  a  fast  convective  burn  and  a  reactive 
shock  wave.  At  this  point,  we  note  that  the 
trends  for  initiation  thresholds  and  Amction 


times  with  particle  size  and  density  of  PETN 
are  consistent  with  a  DDT  model.  This 
description  is,  however,  not  unique.  Further 
experiments  are  planned  where  we  will 
monitor  wave  growth  and  buildup  to  detona¬ 
tion.  These  tests  should  more  clearly  elucidate 
the  initiation  mechanism. 

DISCUSSION 

HAROLD  GRYTING 

Gryting  Energetics  Sciences  Company 

San  Antonio,  tX 

Have  you  considered  correlating  input 
energies  flrom  lasers  with  that  from  impact, 
iVietion,  or  electrostatic  sensitivity  methods? 


REPLY 

Currently,  we  do  not  have  sufficient  data 
to  make  a  meaningful  correlation  with  other 
initiation  mechanisms. 


DISCUSSION 
BARRY  NEVER 

EG&G  Mound  Applied  Technology 
Miamisburg,  OH  45343 

It  is  possible,  even  with  sample  sixos  of  6 
to  10,  to  determine  precise  threshold  values  if 
an  efllcient  threshold  test  and  proper  analysis 
techniques  aro  used. 


REPLY 

No  reply  from  the  authors. 
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Initiation  thnohold  experimenti  have  been  eondueted  employing 
eubmicroeecond  puleee  of  high  current  relativietie  electrons.  Pulsed 
electron  beam  detonation  of  a  highly  insensitive  explosive  was  demon- 
strated  and  the  initiating  beam  energy  fluence  parameters  measured. 
In  these  experiments,  exposures  were  made  at  a  series  of  beam  fluence 
levels  by  aperturing  the  sise  of  the  incident  beam  current.  Electron 
energy  distribution  spectrum  and  radiation  exposure  time  (i.e,,  current 
pulse -duration)  were  accelerator-defined  parameters,  Nano¬ 

second  resolved  measurements  of  the  electron  charge  distribution  were 
obtained,  both  at  the  surface  and  through  the  depth  of  the  explosive 
sample.  Fabry-Perot  interferometry  and  shock  velocity  pins  were 
employed  to  assess  levels  of  explosive  response  and  the  initiation-onset 
over  a  wide  range  of  incident  beam  current  densities.  In  this  paper,  we 
present  the  experimental  criteria  and  techniques  used  in  studying  fast 
transient  electron  beam-explosive  interactions.  The  diagnostic  methods 
successfully  employed  to  achieve  our  experimental  goals  are  described 
in  some  detail.  We  endeavor  to  discuss  some  of  the  observed  explosion- 
detonation  phenomena  which  are  unique  to  electron  beam  induced 
detonations. 


INTRODUCTION 

In  a  seriea  of  experimenta  performed  with 
the  ECTOR  accelerator,  a  pulsed  relativistic 
electron  beam  was  used  to  produce  in-depth, 
sudden  (adiabatic)  heating  and  molecular 
decomposition  (radiolysis)  of  an  insensitive 
explosive.  In  these  experiments,  a  high  fluence 
electron  pulse  of  110  nanosecond  duration  was 
nonuniformly  deposited  7-9  mm  into  cylin¬ 
drical  TATB  samples  to  Induce  relatively 
constant  volume  (isochoric)  explosion.  For 
sufllciently  high  electron  depositions,  evidence 


of  "nearly-instantaneous,"  detonation-like 
behavior  was  observed.  Using  interferometer 
data,  the  event  onset  was  inferred  to  occur 
about  127  nanoseconds  after  the  beam  front 
penetrated  the  incident  surface  of  the 
explosive. 

The  explosive  selected  for  study  is  the 
TATB-based  composite,  PBX  9602.  In  addition 
to  having  a  well-established  explosive  data 
base,  PBX  9602  is  known  for  its  Inherently 
high  thermal  insensitivity,  making  it  a  well- 
suited  candidate  for  e-beam  "worst-case" 
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vulnerability  atudiei.*  Whereas  TATB  is  con¬ 
ventionally  surface-area  shock  initiated  via 
explosive-to-explosive  (e.g.,  booster)  coupling, 
we  have  evidence  of  bulk-volume  thermal 
explosion  and  thermogenerated  shock  initia¬ 
tion  by  prompt  electron  charge  deposition. 

Experiments  and  computer  simulations 
indicate  these  initiation  events  to  be  dependent 
upon  deposition  rate,  confinement,  and  charge 
sise.  In  these  experiments,  the  explosive  sam¬ 
ples  were  laterally  confined  in  open-ended 
cylinders;  about  half  the  exposures  were  made 
on  samples  confined  in  heavy-walled,  steel 
witness  cylinders. 

Our  experimental  goal  was  to  reliably 
measure  the  electron  beam  threshold  for 
detonation.  A  secondary  purpose  was  to  gain  a 
better  physical  Insight  into  the  Initiation 
mechanisms  with  the  hope  of  adjusting  beam 
parameters  which  would  ultimately  enable  us 
to  further  lower  threshold  requirements. 
Within  the  experimental  constraints  imposed 
by  the  accelerator  "machine  parameters'*  (i.e., 
pulse  width,  beam  emittance,  and  energy 
spectrum),  we  were  able  to  measure  the  critical 
beam  parameters  ostabilshlng  the  fluence 
levels  required  for  the  onset  of  detonation. 

ECTOR  is  nominally  a  3.6  MeV  diode 
accelerator,  generally  configured  to  perform 
pulsed  radiography  tests.  In  these  experi¬ 
ments,  it  was  reconfigured  to  e-beam  mode  to 
produce  a  beam  current  of  tens  of  klloamperes, 
in  a  half  cycle  sinusoid  waveform  of  1 10  nano¬ 
seconds,  full  pulsewidth.  This  current  pulse 
was  eollimatod  and  aperturod  down  to  a 
critical  level  where  detonation  was  observed  to 
quench  out  from  insufllclent  beam  initiation 
energy.  Above  this  level,  suntained  detonation 
was  found  to  occur;  below  this  level,  the 
initiation  was  overdriven  and  varying  degrees 
of  explosion  ensued. 

Traditionally,  four  o-beam  generated 
initiation  mechanisms  have  been  proposed; 
compressive  shock;  thermogenerated  shock; 
thermal  activation  (e.g.,  pyrolysis,  deflagra¬ 
tion,  thermal  explosion);  and  spark  discharge. 
Generally,  not  all  four  of  these  exist 
independently.  Depending  on  the  current 
pulse-waveform  and  radlolysls  rates,  some 
interactive  combination  of  these  modes  will 


synergetically  activate  a  high  level  explosion. 
Moreover,  two  of  these  modes,  namely 
thermogenerated  shocks  and  spark  discharges, 
will  be  somewhat  radiation  dose  rate  dependent. 
Although  not  investigated  here,  multipulse 
interactions  may  induce  yet  other  possible 
mechanisms,  either  through  presensitisation 
or  by  predischarge  space-charge  reconfigura¬ 
tion.  At  this  time,  the  optimal  initiation 
mechanism  U  still  unknown,  and  the  noted 
mechanisms  are  not  well  understood. 

Initial  Condition  Speoi/loations 

In  assessing  explosive  sensitivity,  the 
quantities  of  interest  are  incident  beam  fluence, 
absorbed  dose,  and  dose  rate.  The  electron 
energy  spectrum  and  the  primary  current  are 
sufficient  to  characterise  Initial  conditions. 
For  threshold  studies,  the  physical  quantity 
expressly  minimised  is  the  beam  fluence  or 
time-integrated  beam  power  density  (i.e.,  the 
electron  energy-current  density  product)  deliv¬ 
ered  to  the  target,  In  practice,  to  achieve  the 
characteristic  threshold  level,  a  given  beam 
energy  distribution  is  specified,  the  beam  cur¬ 
rent  is  Incrementally  attenuated,  and  exposure¬ 
time  (i.e.,  the  pulse-width)  is  shortened.  For 
these  experiments,  the  primary  beam  current 
was  "stopped-down"  by  using  a  conically 
tapered  carbon  coillmater  with  a  thin  brass 
aperture  behind  it.  The  current  was  monitored 
at  the  target  surface,  downstream  of  the 
collimator  assembly.  Our  diagnostic  approach 
provided  a  direct  measurement  of  the  primary 
beam  current  Impinging  the  sample;  it 
circumvented  the  return  plasma  current  com¬ 
plications  generally  plaguing  such  measure¬ 
ments.  Tlie  beam  energy  distribution  was 
determined  from  coincident  measurements  of 
the  accelerator  diode  voltage  waveform,  taken 
at  the  diode  gap.  In  this  series  of  experiments, 
exposure  times  could  not  be  varied  (e.g.,  by 
pulse-width  "clipping”). 

Interaction  Parameters 

Primary  beam  parameters  alone  do  not 
provide  adequate  insight  on  how  dose  rate  and 
dose  distribution  can  be  adjusted  to  influence 
various  explosive  reaction  mechanisms.^  For 
instance,  the  primary  beam  current  does  not 
account  for  the  multiplicity  of  secondary 
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charged  particles  produced  in  its  passage 
through  the  sample.  In  fact,  experimental 
evidence  indicates  that  a  substantial  fraction 
of  the  initiating  chemical  decomposition  is 
known  to  result  from  the  lower  energy, 
secondary  electrons.  Moreover,  as  the  elec¬ 
trons  are  slowed  down  to  expend  more  of  their 
impulse  time  in  the  vicinity  of  an  absorber,  the 
density  of  multiple  ionisations  increases.^ 
Specifically,  the  average  energy  loss  to  molec¬ 
ular  excitation  varies  inversely  with  electron 
velocity.  Local  hot  spots  become  closer-spaced 
as  particle  energies  are  reduced  to  thermal 
levels  by  molecular  collisions  where  the 
subelectronic  (i.e.,  vibrational,  rotational,  and 
translational)  states  are  excited.  In  these 
experiments,  we  monitored  the  net  electron 


distribution  deposited  through  the  explosive 
sample,  by  employing  an  array  of  electron 
charge-viewing  detectors  down  the  length  of 
the  sample. 

RADIOLYSIS-STIMULATED 

DETONATION 

Geometric  CrtticaUty  Conditions 

Figure  1  schematically  illustrates  a 
sequence  of  events  in  response  to  a  collimated 
incident  beam,  of  a  diameter  which  is  signif¬ 
icantly  less  than  the  explosive  lateral 
dimensions,  but  larger  than  some  minimum 
dimension  required  for  a  critical  strength 
stimulus  initiating  detonation.^  An  electron¬ 
generated  priming  volume  can  be  specified  as  a 


Figure  /.  Time  Evolution  ofThermothock  Front  fu  a  f’unc  <ton  of  the  Beam  Deposition  Proftle 


truncated  interaction  cone  which  effectively 
"cute  oIT’  at  some  depth  (Zcq)  predetermined  by 
the  incident  beam  fluence  and  explosive’s 
constituent  dissociation  energy.  The  level  oi 
exothermic  effects  from  electron  deposition, 
D(E,Zco))  beyond  this  depth  is  negligible 
compared  to  secondary  radiation  energy  losses. 
Electrons  are  designated  as  "slopped"  when 
their  energy  approaches  this  chemical 
activating  "cut-off."  If  the  priming  volume  is 
above  the  critical  size  where  the  reaction  can 
provide  sufficient  reactive  buildup,  the 
explosion  ultimately  transitions  from  a  shock 
with  velocity  Ug  to  detonation  Dg. 

Deposition  Profile  Effects 

Since  a  portion  of  the  primary  beam 
energy  is  extracted  in  the  production  of 
secondaries,  the  explosive  initiation  threshold 
depends  on  how  effectively  the  interaction 
energy  is  absorbed  (specifically,  on  the  molecu¬ 
lar  structure’s  sensitivity  to  electron  radiolysis). 

The  energy  integrated,  weighted-fluence 
distribution  through  successive  layers  of 
priming  volume  determines  the  deposition 
distribution,  D(E,Z).  For  a  pulse  of  normal 
incident  electrons  of  energy  E  (typically,  a  few 
MeV),  the  specific  beam  power  transferred  to 
the  explosive  can  be  reasonably  estimated  in 
the  "thin  stopping"  limit  by 

Pg(Z)  =  (S(E)/p)cJ(Z,t). 

Pg(Z)  is  the  effective  specific  power  deposited  at 
various  depths  through  a  stacked  array  of  thin 
scattering  layers  of  absorber.  Its  time  integral 
is  the  specific  energy  deposited  by  the  pulse. 
(S(E)/p)c  is  the  collision-dominated  specific 
energy  loss  per  electron  in  an  absorber  of 
density  p.  J(Z,t),  the  current  density,  is  the 
rate  of  charge  concentration  at  position  Z 
crossing  some  priming  volume  area,  A(Z). 
Ample  evidence  indicates  that  if  beam  spread 
(i.e.,  the  emergent  emittance)  is  too 
excessive — thereby  promoting  subcritical 
current  densities — thermal  lose  to  the  cooler, 
adjacent  material  will  result  in  too  diffuse  a 
localized  hot  spot  concentration  for  stimulating 
initiation.  This  imposes  restrictions  on  the 
allowable  minimum  current  density. 

Figure  1  depicts  the  efTects  of  the  electron 
deposition  profile  in  tho  early  evolutionary 


stages  of  a  shock  front  advancing  with  velocity 
Ug.  The  priming  volume  begins  interaction 
with  the  unexposed  explosive  by  expanding 
with  reactive  flow  at  some  velocity  Ug,  sending 
a  rarefaction  release  wave  of  velocity  Cq  back 
into  the  heated  deposition  region.  Thereafter, 
the  expanding  wave  auto-accelerates  by  virtue 
of  its  own  chemical  self-release  energy  to  veloc¬ 
ity  Ug.  A  two-dimensional  hydrodynamics 
code,  DYNA2D,  indicates  that  the  extensive 
tapering  of  this  divergent  shock  front  results 
fbom  the  electron  deposition  profile  charac¬ 
teristics.^  Using  the  profile  as  input,  DYNA2D 
forecasts  how  the  wavefront  evolves  from 
central  core  ignition  to  later-time  reactive  flow 
past  the  shock  velocity  gauge  sites. 

Deposition  Duration  Time  Effeots 

Past  attempts  to  initiate  confined  TATB 
samples  using  "long  duration"  (multlsecond) 
exposures  failed  to  achieve  sustained 
detonation.  Our  "short  duration”  pulse 
exposures  of  46-mm  long  samples  were 
successful  when  adequate  lateral  confinement 
was  provided. 

For  a  given  explosive,  explosive  morphol¬ 
ogy,  density,  and  specified  confinement  condi¬ 
tions,  different  reaction  levels  of  explosion  will 
be  found  for  different  energy  deposition  rates. 
Specifically,  the  reaction  processes  generally 
depend  on  the  pulse-profile.^  The  initiating 
chemical  effects  ultimately  depend  upon  the 
relative  times  required  for  various  competitive 
reaction  processes  to  occur;  not  all  will 
necessarily  transition  to  a  stable  detonation.^'^ 

Exposure  duration  times  are  distin¬ 
guished  as  "long"  or  "short"  on  the  basis  of  the 
beam  current  duration.  Figure  1  depicts  a 
well-collimated  beam  incident  on  a  reactive 
target  sample  to  create  a  priming  volume  of 
radius  r  and  length  The  exposed  region  is 
portrayed  with  a  material  having  a  dialatlonal 
sound  speed  Cq,  which  is  temperature  depen¬ 
dent.  For  a  beam  of  current  pulse  width  t*, 
which  is  ohort  compared  to  r/C,,  (the  thermo¬ 
mechanical  relaxation  time),  deposition  heat¬ 
ing  will  be  so  rapid  that  there  is  no  time  for 
significant  priming  volume  expansion  to  occur. 
The  thermogenerated  shock  essentially  exists 
because  of  the  significant  temperature  gra¬ 
dient  across  the  boundary  separating  the 
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exposed  from  the  unexposed  material.  For  the 
ECTOR  exposure,  r/Co  ^1.1  microseconds. 
Consequently,  the  priming  volume  was 
regarded  as  inertially  self-confined  during  the 
110  nanosecond  pulse  duration.  For  such  fast 
deposition  exposures,  nearly  isochoric  condi¬ 
tions  exist,  and  the  peak  pressure  p(r,z)  can  be 
regarded  as  the  cumulative  response  to  the 
speciilc  energy  deposited  and  the  radiolysis 
"heat  of  reaction"  e(r,z).  On  these  time  scales, 
relatively  little  thermal  energy  will  be 
transferred  out  of  the  irradiated  region; 
Bremstrahlung  losses  are  low,  and  since 
energy  is  supplied  in  a  time  shorter  than  the 
shortest  significant  thermal  energy-loss  time, 
conditions  are  also  adiabatic.  The  physical 
significance  is  that  for  short  pulse  exposures, 
l.e.,  where  t*  (r/Co)"*  <  1,  a  threshold  charac¬ 
teristic  can  be  readily  speciiled  in  terms  of 
measurable  quantities  by  the  isochoric  energy- 
pressure  coupling  coefficient  (dp(r,z)/de(r,z))v, 
an  experimental  determinant.  Consequently, 
the  priming  volume  pressure  responoe  is 
conveyed  in  terms  of  the  net  energy  deposition. 
(This  response  is  noted  later  in  Table  1  for  the 
two  priming  volume  experiments.)  The  condi¬ 
tion  may  not  necessarily  reflect  the  minimum 
threshold.  A  lower  beam  fluence  level  might 
be  achieved  by  readjusting  the  beam  pulse- 
profile,  for  instance,  by  shortening  the 
deposition  duration,  thereby  lowering  the  total 
beam  energy  delivered  to  the  target, 

As  the  exposure  time  durations  become 
t*(r/Co)  *  >  1,  the  thermoshock  effect  is  severely 
mitigated,  and  compressive-reactive  flow  be¬ 
comes  the  dominant  effect.  Progressively 
longer  duration  exposures  produce  pyrolysis, 
culminating  in  accelerated  burning,  which 
under  sustained  confinement,  may  transit  to  a 
high  level  thermal  explosion,  such  as  that 
typically  observed  in  long  pulse  duration 
experiments. 

EXPERIMENT 

Diagnostic  Arrangement 

In  those  experiments,  a  series  of  shots  at 
various  fluences  were  made  by  adjusting  the 
incident  beam  aperture.  The  experimental 
arrangement,  illustrated  in  Figure  2,  shows  the 
high  explosive  sample  concentrically  positioned 


Figure  2.  Experimental  Arrangement 


in  the  diagnostic  assembly.  The  entire  explo¬ 
sive  assembly  is  bolted  to  the  downstream  end 
of  the  accelerator's  electron  transport  tube. 

Experiments  were  performed  with  two 
explosive  sample  lengths:  46-mm  long  samples 
were  used  to  verify  explosion-detonation 
events;  shorter,  9-mm  samples  were  selected 
for  priming  volume  and  coupling  coefficient 
studies.^  The  short  sample  length  was  selected 
on  the  basis  of  electron  penetration  range 
for  the  peak  accelerator  energy,  It  was  pre¬ 
determined  from  electron  transport  code 
calculations  using  a  TATB  simulant. 

In  Figure  2,  the  long  sample  is  shown 
coaxially  enclosed  in  an  array  of  three  in-line 
stages  of  current- vie  wing  monitors.  In  each 
stage,  four  orthogonally  positioned,  active 
elements  were  positioned  cyllndrically  about 
the  outer  surface  of  the  Irradiated  sample 
interaction  region.  In  the  actual  experimental 
setup,  the  sample  extended  some  34  mm 
further  beyond  a  fourth  current  sensor,  and 
through  a  steel  witness  cylinder  into  which 
seven  pressure-activated  sensor  pins  were 
imbedded.  The  current  sensors  are  low  induc¬ 
tance,  cavity-type,  current-viewing  inductors 
(CVL)  with  nanosecond  response.  The  cavity 
configuration  is  designed  to  serve  as  a  series  of 
radial  transmission  lines  for  signals  generated 
in  response  to  magnetic  flux  changes  of  the 
beam  current.  The  sensors  were  spatially 
interleaved  to  resolve  the  localized  charge 
distribution  to  within  3-mm  thick  sections, 
down  the  sample  length. 

Electrically-biased,  coax  shorting  pins  and 
fiber  optic  microballoon  sensors  were  positioned 
beyond  the  beam  penetration  zone  to  monitor 
the  shock  wave  velocity  propagating  perpen¬ 
dicular  to  the  sensors.  An  Argon  ion  laser  was 
reflected  from  the  rear  surface  of  a  lithium 
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fluoride  covered  sample  into  a  Fabry-Perot 
interferometer.  The  interferometer  provided  a 
record  of  the  particle  velocity  to  accuracies  of 
better  than  2  percent.  Using  known  Hugoniot 
data  on  lithium  fluoride,  the  shock  velocity 
was  determined.  The  results,  in  turn,  provided 
information  to  infer  the  total  energy  and 
pressure. 

An  attempt  was  made  to  obtain  CVL 
sensor  current  data  at  various  points  along  the 
irradiated  portion  of  the  explosive.  Used  in 
conjunction  with  the  "thin-stopping  power" 
relation  (Ps(z)  in  the  "Deposition  Profile  Eflects” 
section)  and  the  interferometer  results,  the 
depth-deposition  profile  could  be  deduced. 
Interferometer  data  also  allowed  us  to  infer 
the  beam-generated  shock  pressures.  Subse¬ 
quently,  the  energy-pressure  coupling  coeffi¬ 
cient  was  determinable. 

Diagnostic  Observations  and  Results 

Nine  shots  were  conducted  in  this  series 
of  experiments.  An  Initial,  nonexplosive  base¬ 
line  shot  was  made  to  provide  correction  for 
collimator  aberations,  and  to  account  for  elec¬ 
tron  scattering  (hence,  current  density  changes) 
on  beam  passage  through  the  sample.  Micro¬ 
densitometer  records  of  exposed  radiochroinic 
film  disks,  which  wore  positioned  at  various 
thicknesses  through  the  sample,  indicated  that 
the  effeotR  were  somewhat  marginal  for  those 
experiments. 

Coaxial  electric  pin  data  provided  consis¬ 
tently  reliable  shock  velocity  records  on  the 
long  sample  charges.  Of  the  eight  explosive 
shots,  velocity  records  indicated  that  two 
culminated  in  detonation;  the  electric  pin  data 
showed  one  of  these  was  unstable  and  ulti¬ 
mately  quenched.  Adequate  sample  confine¬ 
ment  appeared  to  be  an  important  factor  in 
these  shots. 

All  diagnostics  were  triggered  or  time- 
referenced  to  ECTOK  accelerator  trigger  time. 
The  interferometer  was  sot  to  begin 
monitoring  prior  to  EC'I'OK  trigger,  allowing 
for  the  possible  capture  of  events  early  In 
the  no  ns  beam  current  pulse.  Interferometer 
sensitivity  was  ac(justed  to  resolve  20-40  ns, 
with  a  velocity  accuracy  of  about  2  percent. 
With  this  time-resolution,  unresolvably  abrupt 


"ramp-up"  to  velocities  ranging  1.4  to  1.6  km/s 
were  observed  at  the  9-mm  sample-lithium 
fluoride  interface.  The  arrival  times  at  the 
interface  were  about  124-127  ns  relative  to 
commencement  of  the  diode  beam  current 
pulse.  As  observed  from  pin  data,  further 
aperturing  resulted  in  lower  level  explosions. 

Voltage-current  waveforms  were  ob¬ 
tained.  Figure  3  shows  a  typical  profile.  The 
collimated  Incident  current-time  profile  shown 
here  came  from  the  CVL  sensor  positioned  at 
the  front  of  the  sample  surface.  The  beam 
fluence  was  determined  by  numerically  inte¬ 
grating  the  product  of  the  accelerator  voltage 
(i.e.,  electron  energy)  and  the  corresponding 
beam  current  (time-correlated  to  that  voltage) 
over  the  entire  voltage  waveform.  This  quan¬ 
tity  was  considered  the  excitation  level 
responsible  for  producing  a  given  explosive 
event. 

Time-profile  characterisUcB  of  the  pulse  is 
also  physically  informative.  In  particular, 
since  the  depth  to  which  electrons  penetrate 
increases  with  their  energy,  the  thickness  of 
the  thermal ly-affoctod  region  will  increase 
during  the  first  28  ns, 

An  endeavor  was  made  to  obtain  charge 
deposition  data  from  the  two  subsequent  in¬ 
line  sensors,  but  broadband  Bromstrahlung 
radiation  strongly  interfered  with  the  attempts 
on  the  early  shots.  On  later  experiments,  the 
deposition  data  showed  large,  extremely  fast- 
rise  oscillations  in  the  current  profiles  (i.e., 
pronounced  dl/dt).  Those  characteristics 
strongly  indicated  internal  urc-dischargo  pat¬ 
terns  were  developing  during  the  first  46-60  ns. 
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Similar  waveform  characteristics  were 
obtained  on  pre-test  shots  at  the  Naval 
Laboratory  facility,  where  transparent  Lexan 
rods  replaced  the  explosive  as  target  samples. 
The  irradiated  rods  provided  explicit  evidence 
of  internal  dielectric  breakdown. 


deposition  (irradiated)  volume,  indicate  energy 
depositions  generating  reactive  thermal  shocks 
In  excess  of  260  kbars  (i.e.,  TATB  detonation 
pressure)  within  buildup  times  of  tens  of  nano¬ 
seconds.  Such  extremely  short  buildup  times 
are  not  generally  observed  in  conventional 


Figure  4  shows  a  cutaway  cross  section  of 
a  steel  witness  cylinder,  comparing  conven¬ 
tional  and  e-beam  initiation.  The  e-beam 
initiated  explosive  resulted  in  the  witness 
cylinder  showing  spall  oiT  the  back  surface,  and 
excessive  explosive  residue  on  the  inner 
cylinder  wall.  Hardness  tests  were  made 
before  and  after  the  events,  but  no  significant 
results  were  found. 

CONCLUSIONS 

Table  1  gives  a  qualitative  summary 
of  observed  explosion  events.  Quantitative 
data,  incorporating  the  beam  fluence  threshold 
levels  and  dosages  for  these  events,  have 
been  previously  presented  elsewhere.  Some 
features  peculiar  to  pulsed,  high  current,  e- 
beam  initiation  are  noteworthy, 

1.  Results  obtained  from  a  laser  inter¬ 
ferometer,  monitoring  the  back  surface  of  the 


initiation  processes. 

2.  The  beam  interaction,  or  “minimum 
priming”  volume  dimensions,  are  smaller  than 
wha.  has  been  observed  for  the  TATB-besed 
explosives,  ranging  from  0.20  to  0.27  cm^. 
However,  the  condition  is  very  conflnement 
dependent.  Our  attempts  to  initiate  inade¬ 
quately  confined  46  mm  long  TATB  samples 
resulted  in  high-order  explosion  which  ulti¬ 
mately  quenched,  leaving  TATB  fragments 
behind.  These  effects  are  also  noted  two- 
dimensional  reactive  hydrodynamic  code 
results  showing  the  radial  effect  of  the  priming 
volume  on  detonation.*^ 

3,  Electric  self-discharge  of  the  injected 
electron  space-charge  in  the  priming  volume  is 
noted  from  the  downstream  CVL  sensor 
current  waveform  data.  There  is  evidence  of 
internal  spark  discharge  occuring  in  the 
interior  of  the  priming  volume,  about  40-50  ns 
after  beam  commencement. 


Figure  4.  Cutaway  Croat  Section  of  a  Steel  Wilneaa  Cylinder 


Tablet.  Summary  of  Reaulte 


Observed  Events 

Extent  of  Reaction 

Measured 

Results 

Low  Level  Explosion 

(1) 

3.19  Km/s 

Explosion  Quenched  Out.  . 

High  Level  Explosion 

(1) 

8.96-»4.409  Km/s 

Sample  is  Heavily  Conflned. 

Reaction  Quenches. 

Stable  Detonation 

(1) 

7.76  Km/s 

Sample  is  Heavily  Conflned. 

High  Level  Explosion 

(1) 

6.66  Km/s 

Sample  is  Heavily  Conflned. 

Explosion  Buildup. 

Initiation  Effect 

(2) 

6.46  Km/s 

264  Kbar 

Minimum  Priming  Volume. 

Short  Charge. 

Initiation  Effect 

(2) 

6.66  Km/s 

319 Kbar 

Minimum  Priming  Volume. 

Short  Charge. 

Low  Level  Explosion 

(1.3) 

2.31  Km/s 

Double  Collimator; 

Upstream  6.6  mm; 

Downstream  20  mm. 

(1)  Electric,  coaxial  shorting  pin  data  on  46  mm  sample. 

(2)  Inferred  fVom  laser  Interferometer  data. 

(3)  Double  collimator  effect. 


4.  Since  the  ECTOK  current  and  voltage 
waveform  were  observed  to  be  basically 
sinusoidal,  we  were  able  to  use  the  waveform 
peaks  (Vp,  Ip)  to  assess  the  specific  fluence  of  a 
beam  collimated  to  area  A: 


Unfortunately,  we  could  not  shorten  I*  in  these 
experiments  because  it  was  a  "machine-fixed” 
parameter. 

Both  inlerforomoter  and  crush-pin  data 
strongly  suggests  that  the  ECTOK  initiated 
detonations  are  not  overdriven  since  lower 


beam  currents  result  in  velocities  below  deto¬ 
nation  velocity.  For  the  110  ns  primary  beam 
duration  and  subsequent  submicrosecond 
response,  we  concluded  ("Deposition  Duration 
Time  Effects”  section)  that  near-constant  vol¬ 
ume  (isochorlc)  explosion  (in  the  priming  vol¬ 
ume)  is  evident.  In  the  early  initiation  stages 
(t  <  t*),  the  initial  state  does  not  fall  on  a 
Ilugoniot.  At  later  times  (t  >  t*),  as  the 
priming  volume  expands  and  compression  of 
the  surrounding  (unexposed)  explosive  occurs, 
we  ultimately  reside  on  a  final  reactive 
Ilugoniot  state.  These  Initiation  conditions  are 
derived  from  the  fact  that  the  bulk-volume 
energy  deposition  is  very  rapid  relative  to  the 
thermomechanical  relaxation  characteristics 
of  explosive. 

To  corroborate  these  results  and  better 
understand  their  mechanisms,  ongoing  efforts 
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at  more  fundamental  levels  are  still  being 
undertaken. 
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An  experimental  eyatem  is  being  developed  to  study  the  fast  transient 
kinetics  governing  solid-phase  decomposition  and  subsequent 
interaction  with  decomposition  products,  The  first  phase  of  this  work 
addresses  the  decomposition  step,  The  experiment  integrates  a  thin- 
film  sample  configuration  with  two  chemical  diagnostic  techniques, 
time-of-flight  mass  spectrometry  and  time-resolved  infrared  spectral 
photography,  and  a  pulsed-laser  heat  source,  The  experiment  has 
microsecond  temporal  resolution  to  examine  both  condensed-phase 
mechanisms  and  concurrent  gas -phase  species  evolution  from  samples 
at  temperatures  up  to  tOOO'^C,  Experiments  are  underway  to 
demonstrate  and  assess  the  use  of  thin-film  samples  with  the 
experimental  system.  Results  of  these  experiments,  the  diagnostic 
capabilities  of  the  experimental  system,  and  the  advantages, 
preparation  and  characterisation  of  thin-film  samples  are  presented, 


INTRODUCTION 

Thu  ignition,  duflugratiun,  and  detona¬ 
tion  of  energetic  materials  are  controlled  by 
coupled  thermal,  chemical  and  mechanical 
phenomena.  Ignition,  us  well  as  relatud  cook- 
oiT  events,  are  particularly  sensitive  to  chent- 
ical  reaction  kinetics.  Development  of  reliable 
models  requires  detailed  understanding  of 
three  general  reaction  mechanisms;  (1)  initiu 
solid-phase  decomposition,  (2)  subsequo  (. 
Interaction  of  decomposition  products  with  the 
remaining  solid  phase,  and  (3)  gas-phase 
reaction  of  decomposition  products  to  form  the 
ultimate  reaction  products.  The  tormer  two 
mechanisms  are  the  least  understood  and  most 
dilTicult  to  study. 

There  is  a  general  lack  of  experimental 
chemical  data  having  microsecond  temporal 
resolution  for  samplos  at  ignition  temper¬ 
atures.  Information  is  especially  limited  on 
condensed-phase  reactions,  which  are  believed 
to  play  a  signincant  role  in  high-melting  point 
nitramines,  particularly  advanced  polycyclic 


nitramines  for  which  substantial  decomposi¬ 
tion  occurs  in  the  condensed  phase.  One 
experimental  technique  to  obtain  chemical 
data  pertinent  to  ignition  is  to  rapidly  heat  the 
sample,  maintain  isothermal  conditions,  and 
observed  tranoient  species  formation  and 
destruction.  'I'he  temporal  resolution  of  this 
type  of  experiment  includes  both  the  resolution 
of  equipment  (diagnostic  and  data  acquisition) 
and  the  minimum  time  required  for  the  sample 
to  reach  isothermal  conditions  so  that  the  focus 
can  be  on  reaction  chemistry,  The  second 
requirement  has  not  been  generally  satisfied 
at  temperature  levels  appropriate  for  ignition. 
Thus,  we  believe  the  lack  of  data  is  due  to  the 
difficulty  in:  (1)  probing  condensed-phase 
chemistry,  and  (2)  producing  samples  that  can 
attain  ignition  temperatures  and  bo  isother¬ 
mal  within  the  microsecond  time  scales  appro¬ 
priate  for  Ignition  events. 

Wo  are  developing  an  experimental  sys¬ 
tem,  based  on  timo-of-flight  mass  spectrometry 
(TOFMS)  and  time-reBolved  infrared  spectral 
photography  (TKISP),  having  microsecond 
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temporal  resolution  to  examine  both 
condensed-phase  mechanisms  and  concurrent 
gas-phase  species  evolution  from  samples  at 
temperatures  up  to  lOOO^'C.  TRISP  is  currently 
a  single-shot  technique  for  sub-millisecond 
experiments,  so  multiple  experiments  are 
necessary  to  temporally  resolve  condensed- 
phase  mechanisms.  The  first  phase  of  this 
work  focuses  on  the  initial  solid-phase  decom¬ 
position  stop.  Our  approach  to  solve  the 
problems  of  probing  the  condensed  phase  and 
obtaining,  within  microseconds,  isothermal 
samples  at  ignition  tomperaturos  is  to  use  a 
pulsed  laser  to  heat  and  decompose  thin-fllm 
samples  of  energetic  material  deposited  on 
inert  substrates.  Since  the  Rims  are  optically 
thin,  condensed-phase  reactions  can  be  moni¬ 
tored  using  TRISP.  The  system  is  designed  to 
study  a  variety  of  energetic  materials.  This 
paper  will  describe  some  significant  capabil¬ 
ities  that  are  being  developed,  including 
the  ability  to:  examine  concurrently  both 
condensed-phase  mechanisms  and  gas-phase 
species  evolution,  obtain  data  with  micro¬ 
second  temporal  resolution,  rapidly  heat 
samples  (up  to  10^  K/s),  obtain  high  sample 
temperatures  (up  to  1000*0,  have  well- 
characteriitod  samples  with  uniform  tem¬ 
perature,  utilise  small  samples  to  permit 
evaluation  of  now  materials,  and  evaluate  any 
macroscopic  physical  response. 

Rxperitnonis  are  underway  to  demon¬ 
strate  and  assess  the  use  of  thin-fllm  samples 
with  the  experimental  system.  Results  of  the'^e 
experiments,  the  diagnostic  capabilities  of  the 
experimental  system,  and  the  advantages, 
preparation  and  characterisation  of  the  thin- 
fllm  samples  are  presented. 

EXPERIMENTAL  SYSTEM 

The  experiment  is  configured  with  the 
thin-fllm  sample  located  inside  the  vacuum 
chamber  of  the  TOFMS.  The  sample  is  laser- 
heated,  either  indirectly  by  irradiating  the 
opposite  side  of  the  substrate,  or  directly  by 
irradiating  the  rnuterial.  As  the  explosive 
decomposes  into  the  vacuum,  the  gas-phase 
reaction  products  and  their  evolution  rates  are 
measured,  and  an  infrared  spectrum  of  the 
condensed  phase  is  obtained  with  TRISF. 
The  vacuum  environment  Inhibits  reaction 


ofthe  gaseous  decomposition  products.  The 
regression  rate  of  the  film  is  monitored  in  aitu 
with  a  high-speed  ellipsometer.  The  substrate 
temperature  is  measured  with  an  infrared 
linear  detector  array. 

The  experimental  equipment  consists  of 
five  metjor  systems:  (1)  physical  vapor  deposi¬ 
tion  system  for  preparing  thin-fllm  samples, 

(2)  TOFMS  and  high-speed  ellipsometer, 

(3)  TRISP,  (4)  laser  heating  system  and 
infVared  linear  detector  array,  and  (6)  high¬ 
speed  data  acquisition  system.  The  next 
section  describes  the  sample  configuration  and 
heating,  followed  by  a  description  of  the 
experimental  diagnostics,  thin-fllm  sample 
development  and  results  from  preliminary 
experiments. 

Sample  Configuration  and  Heating 

The  basic  sample  configuration,  shown 
schematically  in  Figure  1,  is  a  thin  film  (0,03 
to  0.3  pm  thick)  of  energetic  material  deposited 
on  one  surface  of  an  Inert  substrate,  The  thin 
film  has  two  primary  advantages  relative  to 
bulk  granular  samples:  (1)  rapid  thermal 
equilibration  to  produce  an  isothermal  sample 
within  1  ps  or  less  following  a  temperature 
change  at  the  substrate-fllm  interface,  and  (2) 
optical  access  for  techniques  such  as  TRISP  to 
examino  directly  the  chemistry  occurring  in 
the  condensed  phase,  Additionally,  thin-fllm 
samples  can  be  well-characterised  rulative  to 
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gruitulkr  samples,  and  compiex  heat  and  muss 
transfer  sfteets  are  minimized  m  that  decom> 
position  chemistry  can  be  examined  directly. 

The  minimum  sarnple  film  thickness  that 
provides  sufficient  material  for  mass  spectre* 
metry  is  ‘~0.03  to  0.3  pm  (for  a  typical  I  cm^ 
cross-sectional  area).  The  thin-nim  sample 
thermal  response  to  the  laser  pulse  is  dictated 
by  substrate  characteristics.  The  relaxation 
time  tf  for  a  temperature  gradient  in  a  thin 
film  having  thickness  I  can  be  estimated  fi'om 
the  expression  t|.  -  1^/a,  where  a  is  the  thermal 
diffusivity  of  the  film  material,  For  explosives 
such  as  HMX  and  RDX,  o  is  on  the  order^  of 
2  X  10'^  cm^/s  end  consequently,  values  for  the 
film  relaxation  time  Ir  are  on  the  order  of  0.6  ps 
or  less. 

Predictions  of  the  two-dimensional  tran¬ 
sient  temperature  history  of  a  26-pm-thick 
tungsten  substrato  have  been  made  using  a 
finite  element  heat  transfer  code^  for  varioua 
incident  energy  levels  assuming  both  uniform 
and  Qausslan  laser  beam  profiles.  The 
substrate  was  assumed  to  have  a  temperature- 
varying  thermal  conductivity,^  absorb  60  per¬ 
cent  of  the  incident  energy  (a  conservative 
estimate  as  dincussod  below)  and  radiate 
energy  (emissivily  of  0,7)  to  the  room- 
temperature  environment.  The  predicted 
temperature  responses  for  a  Qaussian  incident 
flux  profile  containing  10  J  of  energy  within  a 
2,6  ps  pulse  and  a  uniform  flux  profile 
containing  16  J  of  energy  within  a  2.6  ps  pulse 
are  shown  in  Figures  2  and  3.  Fur  these  plots, 
"front"  refers  to  the  Illuminated  side  of  the 
substrate,  "buck"  refers  to  the  substrate/film 
interface,  r  is  the  radial  location  and  R  is  the 
substrate  radius.  The  maximum  substrato 
temperature  occurs  at  2.6  ps.  In  neither  case 
does  the  peak  temperature  exceed  the  mulling 
point  of  tungsten  (3410'’C)  and  in  both  cases 
the  temperature  of  the  substrate  is  virtually 
isothermal  across  its  thickness  within  10  ps 
after  the  beginning  of  the  laser  pulse.  For  the 
OauBsian  profile,  a  radial  gradient  exists, 
governed  by  tlm  rudlu)  distribution  of  the  laser 
beam.  The  assumed  Qaussian  laser  beam 
profile  is  a  worsl-cuso  scenario  since  the  actual 
beam  is  delivered  through  an  optical  fiber, 
which  can  produce  a  spatially  uniform  beam 
profile.  The  film  inteiTuco  temperature  for  the 
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Figure  2.  Predicted  Tungsten  Substrate 
Thermal  Response  to  Qaussian  Laser  Flux 
Profile^  too  within  2.5  ps  Pulse,  ''Front" 
indicates  illuminated  side,  "back"  Indicates 
substrate/ film  interface,  R  is  radius. 
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Figure  3.  Predicted  Tungsten  Substrate 
Thermal  Response  to  Uniform  Laser  Flux 
Profile,  IS  J  within  2.6  ps  Pulse.  "Front" 
indicates  illuminated  side,  "back"  indicates 
substrate/ film  interface, 

uniform  16  J  pulse  attains  local  equilibrium 
above  lOOG^C  within  10  ps.  This  Implies  that 
for  experiments  having  a  duration  greater 
than  ulaout  10  ps,  the  rate  of  temperature  equil¬ 
ibration  across  the  thickness  of  the  substrate 
and  film  is  fust  enough  so  that  the  film  is 
isothermal  and  has  a  temperature  equal  to 
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that  of  the  ))ubstrate*niin  interface  within  the 
relaxation  time.  The<fllm  temperature  can  bo 
inferred  by  observing  the  illuminated  surface 
of  the  substrate  with  the  infrared  array. 

The  substrate  material  should  be 
chemically  inert,  have  a  high  melting  point, 
have  high  strength  (so  that  the  substrate 
remains  flat  while  minimally  supported),  and 
be  amenable  to  surface  preparation  to  promote 
uniform  sample  Him  growth.  Tungsten  has 
been  chosen  as  the  primary  substrate  material 
because  it  has  the  desired  physical  properties 
and  minimum  surface  preparation  has  been 
required  to  obtain  good  quality  sample  fllma. 
Typical  substrates  are  26-pm  or  00-pm-thick 
(I*  or  2-mil)  foil  discs  (1.40  cm  diameter),  one 
side  of  which  is  roughened  and  oxidized  to  pro¬ 
vide  maximum  absorption  (> 94  percent)  of 
the  incident  laser  energy.  The  other  side  Is 
polished  and  solvent-clounod  for  Him  deposi¬ 
tion,  To  maintain  planarity,  the  substrates  are 
vacuum  annealed  (reducing  inherent  strain). 

The  energetic  material  is  heated  by  laser- 
illuminating  the  substrate  surface  opposite  the 
film.  The  laser  heating  technique  can  deposit 
large  amounts  of  energy  in  a  short  time  period, 
vary  input  power  levels  (and  therefore  sample 
temperature)  relatively  easily,  and  bo  used  to 
Investigate  direct  film  illumination  effects. 
The  laser  system  incorporates  a  flashlamp- 
pumpod  dye  laser  that  cun  produce  20  J  of 
energy  within  a  2.6  ps  pulse  and  a  continuous 
wave  Nd:YAO  laser,  The  pulsed  laser  initially 
brings  the  substrate  and  sample  to  the  desired 
temperature,  and  for  long-duration  experi¬ 
ments,  the  continuous  wuvo  laser  maintains 
the  temperature  for  the  duration  of  the 
experiment.  To  ensure  that  the  laser  energy 
deposited  in  the  substrate  is  repeatable  and 
well-defined,  both  the  pulsed  and  continuous- 
wave  beams  are  monitored  during  the  experi¬ 
ment  for  energy  density  and  uniformity. 

Diagnostics 

Temperature.  Sample  temperatures  are 
obtained  with  an  infrared  linear  detector  array 
(ElocLro-Optlcal  SysLoms,  Inc,,  Malvern,  PA), 
This  diagnostic  Is  nunintruslve,  fust  respond- 
ing,  rioxlble,  and  does  not  remove  energy  from 
the  sample  us  u  direct  contact  device  does.  The 
array  is  focused  on  the  illuminated  side  of  the 


substrate  foil.  Data  are  acquired  from  the 
array  at  rates  greater  than  200  kHz  using 
parallel  output  and  digitization.  Since  the 
array  is  viewing  a  nonreactive  surface,  data 
reduction  and  interpretation  to  evaluate  tem¬ 
perature  is  much  less  coi;nplex  than  if  the 
reacting  material  was  viewed  directly.  Multi¬ 
color  techniques  may  be  used,'  if  necessary,  to 
reduce  omittance  uncertainties.  The  array 
allows  an  estimate  to  be  made  of  the  spatial 
isothermality  of  the  substrate. 

Gas-Phase  Species  Evolution.  The 

temporal  history  of  the  decomposition  products 
is  determined  with  the  time-of-filght  m  iSs 
spectrometer  (TOFMS).  Repetitive  operation 
of  the  spectrometer  is  fast.  All  ions  are  simul¬ 
taneously  accelerated  from  the  ion  source,  and 
a  complete  mass  spectrum  is  produced  each 
cycle,  which  can  be  as  short  as  1 0  ps.  To  utilize 
the  full  capubilltios  of  the  TOPMS,®’®  the  mass 
spectrum  signal  Is  digitized  and  recorded  by  a 
200  MHz,  10-bit  transient  waveform  recorder 
and  is  temporarily  stored  in  a  4  megaword 
memory  module.  The  spectrum  is  then  down¬ 
loaded  for  post-test  data  processing  and 
analysis. 

Dynamic  Sample  Mass  Loss.  Sample 
mass  loss  is  determined  by  pre-  end  post-tost 
weighings  using  an  ultra-micro  balance.  An 
estimote  of  the  dynamic  mass  loss  during 
decomposition  Is  obtained  using  the  high-spuoc 
ollipsomoter.  Ellipsomotry  provides  simulta¬ 
neous,  but  indirect,  meusuremont  of  the  thick¬ 
ness  and  refractive  Index  of  thin  films  on  a 
reflecting  suiTuce.  The  ellipsometer  measures 
the  optical  roiloctivities  and  phase  shifts  of 
each  of  the  two  polarization  vectors  for  a 
monochromatic  beam  of  light  obliquely 
reflected  from  the  surfuco.  Thickness  and 
Indox  are  then  calculated  using  standard 
relationships. 

A  limitation  of  standard  ollipsumolrlc 
devices  has  boon  the  slow  data  sampling  rate. 
This  limitation  has  been  overcome  by  the 
development  of  Photo-Elastic  Modulator 
(PEM)  EllipHomoters,  which  have  signincantly 
Increased  system  bandwldths,  pormittlng  l)oth 
a  greater  number  of  sampling  points  as  well  as 
greater  signal  sensitivity,'  An  ultra-fast 
(600  kHz)  In-sltu  oltipsometry  research  system 
Is  being  developed  with  GKQ  Instruments  to 
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r«solve  dynamically  thicknesses  of*  thin  films 
undergoing  rapid  decomposition.  In  many 
other  (non*^enipBometric)  optioal  Him  thickness 
measurement  techniques,  the  film  index  must 
be  known  o  priori,  and  the  measurement 
accuracy  is  highly  dependent  on  the  accuracy 
to  which  the  index  is  known.  A  major  advan¬ 
tage  of  ellipsometry  is  that  both  parameters 
are  obtained  simultaneously.  For  the  dynamic 
measurement  of  rapidly  decomposing  thin 
films,  this  is  essential  since  the  index  may  vary 
slgniflcantly  due  to  density  variations  ocouring 
during  heatup  and  decomposition. 

Thin-Film  Samples 

Several  energetic  materials  have  been 
selected  for  thin-fllm  sample  development, 
These  include  RDX.  HMX,  TATB,  PETN, 
HNS,  NC,  CP,  AP,  KF,  and  a  polycyclic  nitra- 
mine  (PCN).  Two  general  sample  preparation 
techniques  are  being  pursued:  (1)  physical 
vapor  deposition  and  (2)  deposition  from 
solution.  Physical  vapor  deposition  provides 
reasonably  precise  control  of  film  properties. 
The  technique  can  bo  used  with  any  material 
that  tms  a  sufYlcient  vapor  pressure  at  temper¬ 
atures  low  enough  so  that  decomposition  of  the 
material  is  negligible,  which  is  the  case  for 
RDX,  HMX,  TATB,  PBTN,  HNS,  and  PCN. 
However,  polymeric  materials  such  as  NC  or 
ionic  materials  such  as  CP,  AP,  and  KP  do  not 
have  a  sufllcient  vapor  pressure.  Deposition  of 
these  materials  from  solution  is  the  simplest 
alternative.  However,  deposition  from  solution 
does  not  permit  as  precise  control  of  film 
properties  or  film  uniformity. 

Good  quality  samples  of  RDX,  HMX, 
TATB,  and  HNS  have  been  prepared  by  physi¬ 
cal  vapor  deposition  on  h  variety  of  substrates 
that  include  tungsten,  aluminum,  pyrex,  and 
barium  fiouride.  (The  latter  three  are  not  used 
fur  laser  heated  experiments.)  Preliminary 
work  with  PCN  deposited  on  tungsten  also  has 
been  encouraging.  The  film  thicknesses  were 
varied  between  about  0.04  and  10  pm. 
Examination  of  the  samples  with  optical  and 
scanning  electron  microscopes  (SEM)  indi¬ 
cated  that  the  films  were  relatively  uniform, 
fiat,  and  nearly  fully  dense.  Figure  4  in 
an  SEM  micrograph  of  the  surface  of  u  2-pm 
film  deposited  on  polished  tungsten.  X-ruy 


diffraction  patterns  obtained  from  the  samples 
exhibited  very  narrow  peaks,  which  indicated 
that  the  films  were  well-crystallised.  The 
pattern  for  u  10-pm-thick  RDX  film  deposited 
on  pyrox  is  shown  in  Figure  5.  The  patterns 
from  thinner:  films  showed  equally  narrow 
peaks,  but  due  to  low  signal  intensity  only  the 
most  prominent  peaks  were  distinguishable 
from  noise. 

Uniform,  relatively  flat  samples  of  RDX 
as  thin  as  0j04  pm  have  been  prepared  on 


Figure  4,  Scanning  Electron  Micrograph  of 
2-pnt  Thick  RDX  Film  Vapor -Deposited  on 
Polished  Tungsten  Substrate 


Figure  5.  X-ray  Diffraction  Pattern  for  10-pm- 
thick  RDX  Film  Vapor-Deposited  on  Pyrex 
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tungBten  substrates.  Currently,  techniques 
are  being  developed  to  examine  such  thin 
samples  using  the  transmission  electron 
microscope  (TIUM)  to  obtain  electron  difTraction 
patterns  for  crystal  structure  analysis. 

Good  quality  samples  of  NC  have  been 
deposited  from  solution.  Filins  about  6  pm 
thick  have  been  prepared  by  evaporation  of  an 
acetone  solution  containing  1  percent  NC  by 
weight.  Currently,  procedures  are  being  devel¬ 
oped  for  preparing  thinner  samples  of  NC  and 
samples  of  CP,  AP,  and  KP.  In  general, 
substantially  different  procedures  are  required 
for  each  material  deposited  from  solution, 

In  addition  to  having  short  thermal 
relaxation  times  and  providing  optical  access 
to  the  condensed  phase,  thin-nim  samples  also 
have  the  advantage  of  requiring  small 
amounts  of  the  energetic  material.  This  is 
particularly  advantageous  for  preliminary  or 
"screening"  experimenls  with  newly  developed 
materials,  which  are  generally  available  in 
limited  amounts.  For  example,  only  about 
20  mg  of  material  were  required  for  prepara¬ 
tion  of  each  sample  that  was  made  by  physical 
vapor  deposition. 

PRELIMINARY  EXPERIMENTS 

Initially,  some  questions  must  be 
addressed  regarding  the  use  of  thin  film 
samples  and  the  applicability  of  chemical 
behavior  to  bulk  material.  'I'heso  include: 
( 1 )  the  effect  (such  us  cululysis)  of  the  substrate 
on  decomposition  mechanisms,  (2)  assumptions 
regarding  film  characteristics  that  are  used  in 
the  analytical  cilipsometric  models,  (3)  film/ 
substrate  stability,  and  (4)  macroscopic  physi¬ 
cal  behavior  of  the  thin-nim  sample, 

The  effects  of  the  substrate  on  decom¬ 
position  are  to  be  examined  by  comparing  the 
mass  spectra  obtained  from  slow  thermal 
decomposition  of  thin  films  with  those  obtained 
from  thick  films  or  granular  material.  The 
effects  of  the  assumptions  in  the  analytical 
ellipsometric  models  cun  be  evaluated  nt 
temperature  in  slow  thermal  decomposition 
experiments.  Preliminary  experiments  are 
being  conducted  to  evaluate  film/substrate 
stability,  macroscopic  physical  behavior  and 


the  feasibility  cf  applying  TRISF  to  thin-film 
samples. 

Film/Substrate  Stability 

Substrate  processing,  film  deposition 
techniques,  film  thickness  and  healing  rate 
can  all  affect  the  physical  stability  of  energetic 
thin  films  undergoing  thermal  duconiposition. 
Substrate  warpage  is  minimimod  by  the  small 
sample  size,  by  allowing  unconstrained  radial 
expansion  of  the  substrate,  and  by  a  vacuum 
annealing  process  to  reduce  inherent  strain  in 
the  substrate.  The  geometrical  configuration 
(planar,  horizontal)  of  the  sample  is  less  sen¬ 
sitive  to  "blowoff’  (separation  of  the  film  from 
the  substrate  prior  to  decomposition)  than 
other  configurations  such  as  coated  wires. 
Sample  and  substrate  preparation,  however,  is 
critical.  The  substrate  must  be  absolutely  dry 
prior  to  film  deposition  or  steam  expansion 
from  the  substrate-film  interface  cun  blow  off 
the  film.  The  substrates  are  dried  by  heat¬ 
ing  under  vacuum  prior  to  film  deposition. 
The  thermal  expansion  coefficient  mismatch 
between  the  film  and  substrate  (the  energetic 
film  will  expand  more  than  the  substrate)  may 
be  overcome,  if  necessary,  by  "expansion 
joints”  (regions  of  no  deposition)  in  the  film. 

To  determine  if  energetic  films  will 
remain  in  contact  with  substrates  under  rapid 
heating  conditions  in  vacuum,  a  simple  light- 
scattering  detection  experiment  is  being  con¬ 
ducted  with  RDX  films,  As  depicted  in  Fig¬ 
ure  6,  a  IloNe  laser  is  directed  over  the  top  of 
the  thin-film  sample.  Any  material  that  is 
ejected  off  the  substrate  is  monitored  by 
detecting  forward-scattered  iaser  iight.  The 
lens  focuses  the  volume  directly  above  the 
sample  within  which  the  IleNe  laser  beam 
passes  onto  a  photomultiplier  tube  (PMT) 
detector.  A  IleNe  notch  filter  is  used  to 
eliminate  any  PMT  response  to  luminous 
sources  within  the  scattering  volume  other 
than  the  scattered  laser  light.  The  detection 
limit  and  response  was  calibrated  by  placing  a 
known  concentration  and  si,/.e  of  aerosol 
purticululo  in  the  scattering  volume.  Using  an 
aerosol  atomizer/unaly/.or  ('I'SI  3076/3071) 
with  monodisperse  polystyrene  latex  spheres 
(Duke  Scientific),  it  was  verified  that  particles 
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Figure  6.  Schematic  of  Thin  Film  Physical 
Stability  Teat  Aaaembly 

greater  than  0.3  pm  can  be  detected  as  discrete 
scattering  events.  The  thin-film  sample  is 
heated  with  a  riashlamp-pumpod  dye  laser 
delivering  2  J  of  energy  within  700  ns  (see 
Figure  7  for  the  pulse  power  curve).  The  laser 
uniformly  illuminates  the  substrate  via  an 
optical  fiber,  The  substrate  temperature  (from 
which  the  film  temperature  is  determined  as 
discussed  above)  is  obtained  with  the  infrared 
detector.  To  obtain  an  appropriate  heating 
rate  with  this  lower  laser  energy,  the  sample 
size  for  these  tests  was  reduced  to  an  area 
of0.26cm^.  The  predicted  film/substrato 
interface  temperature  response  is  shown  in 
Figured.  Slow-heating  experiments  were 
conducted  to  compare  with  the  rapid-heating 
response.  The  slow  heating  (^-10  K/s)  experi¬ 
ments  were  conducted  using  an  electric  button 
heater  and  thermocouple  instead  of  the  dye 
laser  and  infrared  detector,  respectively. 

The  observed  light-scattered  signals  are 
expected  to  vary  with  heating  rate  and  RDX 
film  thickness.  Slow  heating  ('~10K/s)  does 
not  produce  discrete  scattering  events,  but 
produces  a  small  continuous  signal  us  material 
sublimes  into  vacuum,  indicating  no  signifi¬ 
cant  solid  material  is  ejected.  Experiments 
rapidly  heating  (-10®  K/s)  thick  (10  pm)  and 
thin  (~0. 1  pm)  films  are  currently  underway. 

Effect  of  Film  Thickness  on  Physical 
Behavior 

Published  results  from  experiments  with 
granular  nitramines  (such  us  HMX)  and  bulk 


Figure  7.  Laser -pulse  Power  Curve  Used  in 
Thin  Film  Physical  Stability  Teats 


Figure  8.  Predicted  Film/ Substrate  Interface 
Temperature  Response  for  Thin  Film  Physical 
Stability  Tests 

propellants  have  shown  complicated  physical 
effects  involving  liquefaction  and  bubble 
formation  in  the  condensed  phase.*'*®  Prelimi¬ 
nary  experiments  employing  slow  heating 
rates  were  conducted  to  examine  these  effects 
in  thin-film  samples  of  RDX.  The  experiments 
were  performed  with  the  film  confined  between 
the  tungsten  substrate  and  a  quartz  or  pyrex 
window.  The  confinement  prevented  the  film 
from  evaporating  prior  to  attaining  decom¬ 
position  temperatures  in  the  slow-heating 
experiments.  Video  imaging  of  samples  that 
were  2  to  3  pm  thick  indicated  partial 
liquefaction  and  (or)  bubble  formation  at 
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temperatures  between  about  440  and  625  K. 
The  bubbles  initially  were  relatively  evenly 
dispersed  and  subsequently  grew  and  coalesced 
until  the  RDX  was  consumed.  At  similar  tem¬ 
peratures,  samples  that  were  about  0.05  pm 
thick  exhibited  a  uniform  solid-to-gas  transi¬ 
tion,  without  any  liquefaction  or  bubble 
formation. 

The  results  from  the  confined  experi¬ 
ments  provide  a  limited  indication  that  for 
sufficiently  thin  samples,  decomposition  will 
occur  faster  than  the  rate  at  which  macroscopic 
effects  such  as  bubble  formation  will  occur. 
This  would  permit  chemical  reaction  mech¬ 
anisms  and  kinetics  to  be  studied  in  the 
absence  of  complicated  physical  effects  and 
multi-phase  interactions,  Thicker  films  could 
then  be  used  to  study  the  onset  and  effects  of 
complicated  physical  interactions  that  are 
believed  to  be  present  in  bulk  material. 

Feasibility  of  TRISF 

Published  experimental  studies  of  the 
pyrolysis  of  nitramines  (such  as  HMX)  have 
indicated  that  the  overall  rate  of  pyrolysis  may 
be  significantly  affected  by  condensed-phase 
phenomena.*®'*'  However,  the  nature  of  these 
condensed-phase  mechanisms  is  unclear. 
Observed  pyrolysis  rates  suggest  an  overall 
reaction  scheme  with  an  autocatalytic 
step.**'®'*^’*^  That  is,  the  formation  of  a  reac¬ 
tion  product  acts  as  a  catalyst  for  further 
reaction.  This  autocatalytic  step  may  involve 
the  condensed-phase  interaction  of  decomposi¬ 
tion  products  with  nitramines.  For  example, 
work  by  Behrens*®’**  indicates  that  some 
CH'^O  formed  during  slow  thermal  decomposi¬ 
tion  of  HMX  may  have  significant  residence 
time  in  the  condensed  phase  before  being 
liberated  to  the  gas  phase.  The  retention  of 
CH2O  in  the  condensed  phase  could  contribute 
to  an  autocatalytic  cfTect  since,  under  certain 
conditions,  the  presence  of  CH2O  has  been 
shown  to  increase  RDX  decomposition  rates.**'® 

To  understand  the  important  condensed- 
phase  phenomena  occurring  during  thermal 
decomposition  of  nitramines  and  other  CHNO 
explosives,  a  diagnostic  tool  is  needed  for  direct 
observation  of  condensed-phase  reaction  mech¬ 
anisms  and  kinetics.  Timc-rosolved  infrared 
spectral  photography  (THISP)  shows  promise 


for  obtaining  this  condensed-phase  infor¬ 
mation.  TRfSP  was  originally  developed  by 
Sorokin  and  co-workers  at  IBM  to  examine 
gas-phase  photochemistry.*^  Subsequently, 
Renlund  and  Trott  at  Sandia  National 
Laboratories  showed  that  TRISP  could  be 
applied  to  condensed-phase  samples.*^'*®  A 
cooperative  effort  between  Trott,  Renlund, 
and  the  authors  was  established  to  deter¬ 
mine  the  feasibility  of  using  TRISP  to 
examine  condensed-phase  reaction  mech¬ 
anisms  occurring  in  the  thin-film  samples 
developed  foi  use  with  the  TOFMS  discussed 
above.  Essentially,  TRISF  can  provide  6-nB 
"snap  shots"  of  the  IR  spectra  of  the  decom¬ 
posing  film.  These  can  provide  information 
about  bond  cleavage,  the  accumulation  of 
decomposition  products  in  the  condensed 
phase,  and  ultimately,  a  direct  measure  of 
condensed-phase  reaction  kinetics.  An  overall 
description  for  the  decomposition  kinetics  can 
then  be  developed  by  combining  the  condensed- 
phase  reaction  results  with  data  for  the  gas- 
phase  decomposition  products  that  are 
observed  with  the  TOFMS.  A  current 
limitation  of  TRISP  is  that  for  sub-millisecond 
experiments,  it  is  essentially  a  single-shut 
technique.  Time-delayed  TRISP  diagnostics  on 
multiple  similar  shots  will  be  employed  to 
evaluate  condensed-phase  mechanisms  of 
interest. 

Preliminary  experiments  with  a  conven¬ 
tional  infrared  spectrometer  were  conducted 
to;  (1)  compare  thin-film  spectra  with  litera¬ 
ture  data,  and  (2)  determine  the  film  thickness 
required  to  produce  a  useful  TRISP  response. 
Conventional  spectra  were  obtained  from 
RDX,  TATB,  and  HNS  thin  films,  2  to  6  pm 
thick,  and  agreed  with  the  corresponding 
published  spectra.  As  an  example,  results  for 
RDX  are  shown  in  Figures  9  a,b.  The 
conventional  infrared  spectra  indicated  that 
the  optimum  path  length  for  a  transmitted 
signal  is  about  1  to  3  pm.  Using  a  reflected 
signal,  it  appears  that  TRISP  can  be  used  with 
samples  as  thin  as  0.5  pm,  and  if  a  multipass 
arrangement  is  employed  (6  or  6  passes  being 
reasonable),  useful  TRISP  spectra  should  be 
obtained  from  samples  as  thin  as  about  0.1  pm. 
The  film  thicknesses  required  to  use  TRISP 
with  HMX,  PETN,  and  NC  are  currently  being 
investigated. 
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Figure  9.  Conventional  RDX  Infrared  Spectra: 
(a)  2-pnt-lhick  Film  on  Barium  Flonride 
Substrate,  (b)  Literature 

Based  on  the  above  conventional  infraied 
results,  preliminary  experiments  were  per¬ 
formed  to  evaluate  the  use  of  TRISP  with  thin- 
film  samples.  TRISP  spectra  were  obtained 
from  room-temperature  samples  (about  2  pm 
thick)  of  RDX,  HNS,  and  TATB  and  agreed 
with  conventional  infrared  spectra.  TRISP 
spectra  were  then  obtained  from  unconfined 
samples  of  RDX  and  TATB  (about  2  pm  thick) 
that  were  slowly  heated  in  air  at  atmospheric 
pressure.  Examination  of  the  RDX  spectra 
shown  in  Figure  10  indicates  the  broad 
spectral  range  captured  in  a  single  shot.  The 
weakening  of  the  RDX  absorption  bands  near 
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Figure  10,  Preliminary  TRISP  Spectra  from 
2 -pm  RDX  Film  on  Tungsten  Heated  Slowly  in 
Atmosphere 

3.3  pm  from  room  temperature  to  —1 60*0 
indicates  the  disappearance  of  the  RDX 
molecule.  The  spectral  locations  of  the 
absorption  bands  for  HCN  and  CH2O  are 
shown  for  comparison  to  the  observed  spectra. 
Preliminary  RDX  data  suggest  that  in  this 
configuration  the  concentration  of  decomposi¬ 
tion  products  HCN  and  CH2O  wore  at  or  below 
the  detection  limit.  Higher  concentrations 
may  be  present  under  confinement  and/or 
during  rapid  heating.  Additional  experiments 
are  underway  to  examine  the  presence  of  HCN 
and  CH2O  in  the  condensed  phase  during 
decomposition  of  confined  RDX  thin  films. 

The  above  results  are  encouraging.  In 
future  experiments  with  rapidly  heated 
samples,  TRISP  initially  will  be  applied  to 
separate  samples  subjected  to  the  same 
experimental  conditions  as  similar  samples 
heated  in  the  TOFMS.  Ultimately,  experi¬ 
ments  would  be  configured  to  employ 
simultaneously  both  TOFMS  and  TRISP  with 
the  same  sample. 

SUMMARY 

An  experimental  system  is  being  devel¬ 
oped  to  study  the  last  kinetics  governing  solid- 
phase  decomposition  under  ignition  conditions. 
Thin-film  samples  of  a  variety  of  energetic 
materials  have  been  prepared.  Character¬ 
ization  indicates  they  are  uniform  and  well- 
crystallized.  Sample  preparation  and 
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deposition  techniques  have  been  presented. 
Preliminary  experiments  have  been  con¬ 
ducted  to  demonstrate  and  assess  the  use  of 
thin-film  samples  with  the  experimental  sys¬ 
tem.  Encouraging  results  have  been  obtained. 
Thin-fllm  samples  remain  in  contact  with 
substrates  during  slow  heating.  TRISP  spectra 
have  been  obtained  for  decomposing  RDX, 
demonstrating  the  feasibility  to  obtain 
condensed-phase  chemical  information. 
Thicker  films  ('*'6  pm)  can  exhibit  macroscopic 
responses  (bubble  formation  and  growth,  etc.) 
during  decomposition,  whereas  thin  films 
(~0.05pm)  have  not  exhibited  macroscopic 
inhomogeneities. 
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LASER  IGNITION  OF  EXPLOSIVES:  RAMAN 
SPECTROSCOPY  OF  THE  IGNITION  ZONE 


Helma  Niliion  ftnd  Hmrio  Oitmark 
SwedUli  Defanoe  Retearoh  BstabUshment 
S40a  64  Stockholm,  SWEDEN 


By  combining  a  laser  ignition  technique  ufith  laser  Baman  spectro¬ 
scopy  we  have  developed  a  method  for  studying  the  gas  phase  reactions 
occurring  in  the  ignition  sons  of  a  high  explosive.  The  apparatus 
consists  of  a  SOO  W  COj-hser  as  ignition  source  and  of  a  pulsed 
KrF-laser  for  the  Raman  Scattering.  By  using  a  variable  time  delay 
between  the  two  lasers,  it  is  possible  to  stutfy  the  ignition  processes 
pseudo  time  resolved.  This  technique  used  on  the  ignition  sons  of  RDX 
enabled  the  detection  ofCHiO,  NO2,  Nu,  CO,  and  CNIHCN, 


INTRODUCTION 

The  ignition  of  deflagration  of  exploiivei 
has  proved  to  be  a  multi-phaie  reaction.  Thie 
hai  oraatod  a  need  for  faet  methodi  for 
studying  the  gai  phase  reactions  and  the 
decompositions.  Sehults  et  al.^  divides  the 
sequence  in  which  RDX  is  shocked  to  detona¬ 
tion  into  four  phases,  each  of  which  it  is  possi¬ 
ble  to  make  measurements  on.  Schuita  et  at. 
also  point  out  the  need  to  use  techniques  like 
Raman  spectroscopy  or  Laser  Induced  Fluores¬ 
cence  (LIF)  in  the  first  phase  when  no  light  is 
emitted. 

Fairchild  et  al.^  have  developed  a  laser 
pyrolysis/laser  fluorescence  technique  for  the 
real-time  measurements  of  radical^molecules 
in  combustion  processes.  They  use  a  CO^  laser 
and  a  Nd:YAQ  pumped  dye-laser  fired  in 
sequence  to  monitor  the  reaction.  The  delay 
between  the  two  lasers  is  controlled  by  two 
delay  generators  and  can  be  varied. 

The  laser  ignition  method  has  in  earlier 
studlea  of  pyrotechnical  mixtures  proved  to  be 
very  usefltl.^'^  Studies  of  high  explosives  with 
this  method  have  shown  that  the  threshold 
ignition  energy,  to  a  high  degree,  is  dependent 
on,  the  pressure.^’^  Leeuw  et  al.^  used  an 
exclmer  laser  working  at  248  nm  to  ignite 
primary  explosives,  and  by  using  emission 
spectroscopy  they  studied  the  formation  of 
decomposition  pr^ucts  of  lead  styphnate  and 


mercury  fblminate.  Trott  and  Renlund*^  have 
used  emission  spectroscopy  and  Raman 
scattering  for  studying  solid  detonating  high 
explosives  (HB). 

Earlier  work  has  shown  that  Raman  spec¬ 
troscopy  can  be  a  powerful  tool  when  investi¬ 
gating  the  ignition  of  explosives.*^'*  This  paper 
will  show  how  Raman  spectroscopy  can  be  iised 
to  study  the  ignition  reaction  sone,  and  how  it 
is  possible  to  follow  the  transition  from  a  weak 
decomposition  to  a  strong  deflagration. 

EXPERIMENTAL 

The  laser  ignition  set-up  described  in 
earlier  work*'*  has  been  extended  to  suit  our 
Raman  experiments.  A  schematical  represen¬ 
tation  of  the  set-up  is  given  in  Figure  1.  About 
SOO  mg  of  RDX  is  pressed  to  a  pellet  with  a 
10-mm  diameter  and  a  thickness  of  2  mm.  The 
density  of  the  explosive  is  96  percent  of  the 
theoretical  maximum  density  for  RDX.  The 
pellet  is  fastened  with  double-adhesive  tape  to 
a  sample  holder  in  the  explosive  chamber.  The 
sample  holder  is  continuously  rotated  by  an 
electrical  motor,  so  that  unreacted  explosive 
during  a  period  of  time  is  exposed  to  the 
COa-laser  beam.  The  explosion  chamber  is 
constructed  to  withstand  pressures  up  to 
4.0  MPa  and  the  experiments  are  carried  out  in 
a  helium  atmosphere  to  keep  the  explosive 
from  reacting  with  air.  The  helium 
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atmoiph«re  elio  hai  a  good  effect  on  the 
ilgnaUto>nolie  ratio  due  to  the  fact  that  it  doee 
not  eauae  any  Raman  loattering. 

The  ignition  pulse  is  delivered  by  a  300  W 
CW  COa-laser  (Coherent  CR  41)  which  is 
electrically  pulsed  and  has  a  pulse  width  of 
1  ms  •  CW.  In  the  experiments  presented  here, 
the  pulse  width  has  iMen  2  ms.  The  measuring 
pulse  is  given  by  an  excimer  laser  (Spectra 
Physics  EMQ  201 B)  using  the  KrF  line  at 
248  nm  and  with  a  pulse  width  of  20  ns.  The 
beam  flrom  the  KrP>laaer  was  focused  into  the 
gas  phase  2  mm  from  the  surface  of  the  HE. 
The  scattered  light  was  analysed  with  a  Spex 
600M  monochromator  with  a  Hamamatsu 
photomultiplier.  The  Raman  scattering 
detected  by  the  photomultiplier  is  preamplUled 
6-26  times  and  then  connected  to  a  gated 
boxcar  integrator  (Stanford  Research  System) 
which  amplifies  the  signal  2-6  times  and  then 
averages  1-10  pulses.  This  averaged  signal  is 
then  recorded. 

The  experiments  included  several  teats 
with  an  Nd:YAQ  laser  (Quantel  YQ681), 
working  at  the  632  nm  line,  as  probe  laser. 
This  set-up  created  some  problems  with 


increased  background  noise  and  a  lower 
Raman  cross  section  (see  Table  1)  leading  to 
weaker  Raman  signals.  Because  of  these 
problems,  we  decided  to  do  these  preliminary 
experiments  with  the  excimer  laser. 


Tabu  1.  Raman  Croia-Seetions 
at  248  nm  and  532  nm^ 


Molseuls 

Vibrational 

(Iraquaney 

(cm**) 

f-1 

(10’30enV>r) 

(10'30cm2/ir) 

NO 

1877 

5.5 

0.2 

N02 

V|  1320 

182.8 

7.37 

v,754 

84.3 

3.63 

N? 

2331 

13.1 

0.46 

HiO 

3652 

30.8 

0.9 

02 

1556 

166 

0.65 

CO 

2145 

13.3 

0.48 

C02 

v,13B8 

15.1 

0.6 

2v,  1285 

11.1 

0.45 
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To  make  the  two  laieri  and  the  gated 
boxcar  integrator  work  limultaneouily  a  trig 
and  delay  unit  (Stanford  Reeeareh  Syitemi)  ii 
uied.  The  aetup  aleo  Includei  a  distal  loope 
(HP  641110),  The  eeope  ia  mainly  uied  to 
monitor  the  pulee  width  of  the  electrically 
pulled  COa-laier  with  the  help  of  a  CMT 
detector.  The  digital  icope  also  monitore  the 
total  emitted  light  fl'om  the  exploiive,  and  the 
delay  between  the  COa^laaer  and  the  probe 
laier.  In  thli  caie,  the  delay  between  the 
COa-laier  pulie  and  the  Raman  pulse  Is  varied 
between  0.2-6  ms.  See  Figure  2  for  an  over¬ 
view  of  the  electrical  set-up. 

RESULTS 

The  results  given  in  this  paper  are  for 
RDX,  due  to  the  fact  that  a  lot  of  work  on  RDX 
decomposition  have  been  published, which 
leads  to  an  easy  analysis  of  the  experimental 
results.  After  evaluating  the  method,  the  tost 
program  also  includes  the  following  high 
explosives:  HMX,  Tetryl,  PETN,  TNT,  TATB, 


and  NTO.  These  latter  studies  are  still  in 
progress. 

Figure  3  shows  two  independent  registra¬ 
tions  of  a  Raman  spectrum  for  RDX  between 
261  nm  •  267  nm  made  with  the  exoimer  laser 
in  helium  atmosphere  at  a  pressure  of  0.4  MPa. 
The  time  delay  between  the  two  lasers  was 
1  ms.  These  are  only  two  of  several  registra¬ 
tions  showing  that  the  method  has  a  very  good 
reproducibility.  In  the  left  spectrum  (262  nm  - 
267  nm),  the  following  peaks  have  been  identi- 
fled:*^>”  CHaO  (266.3  nm),  NOa  (266.4  nm), 
Na  (263.4  nm),  and  CO  (262.1  nm).  In  the 
spectrum  to  the  right,  the  following  peaks 
have  been  identifled:*'^^  NOa  (266.4  nm), 
Na  (263.4  nm),  CO  (262.1  nm),  and  HCN/CN 
(261.4  nm). 

In  connection  with  the  Raman  measure¬ 
ments,  a  couple  of  emission  registrations  were 
made.  Two  of  these  registrations  are  shown  in 
Figure  4,  Large  amounts  of  radicals  such  as 
OH  and  CN  are  formed  in  the  thermal  ignition 
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287  nm 


262  nm  286  nm  261  nm 

Wav*  Itngth  (nm) 

Figure  3.  Raman  Spectra  of  RDX  in  Helium  at  0.4  MPa 


Bone.  The  fact  that  theie  radieala  occur  during 
the  thermal  Ignition  impliee  that  a  high 
temperature  prevail*  in  the  reaction  lone. 

The  reiulta  Orom  the  Raman  and  emiaaion 
meaaurementa  correapond  well  with  the 
reaulte  from  a  mnaa  epeetroacopie  ctudy  per¬ 
formed  in  the  aame  aet«up.*^ 

DISCUSSION 

The  method  deaeribed  in  Ihia  paper,  com¬ 
bining  laaer  ignition  and  Raman  apeetroacopy 
to  atudy  the  ianitlon  proceaaea,  differa  from 
earlier  atudiea”''^  in  the  way  that  the  meaaure¬ 
menta  preaented  here  take  place  in  the  thermal 
ignition  lone.  In  Figure  6,  one  can  aee  two 


curves  repreaenting  the  laser  pulae  and  tho 
emitted  light.  From  the  emitted  light  curve 
one  can  diatinguiah  two  phaaea:  a  pi  e-lgnltion 
reaction  and  the  aelf-auetaining  ignition.  Our 
Raman  meaaurementa  take  place  in  the  pre- 
ignition  or  ignition  zone.  This  lead*  to 
problema  like  high  background  noiae,  but  it 
aijo  givea  a  great  advantage,  namely  that  the 
moaaurement  takea  place  before  a  signiAcant 
amount  of  decompoaition  has  occurred.  The 
background  noiae  la  reduced  by  working  in  the 
inert  helium  atmosphere.  This  method 
approachea  the  possibility  of  measuring  the 
steps  in  the  decomposition  chain  which  leads  to 
ignition,  and  possibly  also  the  initial  steps  in 
the  thermal  decomposition  chain. 
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FiguH  4,  Emiasion  Spactra  of  CN  and  OH 
Radleala 


TImi  (■) 


Figura  B,  Exampla  of  Ragiatratlona  at  a  Laaar 
Ignition  Exparimant.  In  the  figure  ia  ahown 
both  the  iaaer  ignition  pulaa  and  the  reaction 
light  from  the  HE  (PETS).  (From  [B].) 


By  monitoring  a  Bolected  line  time 
reiolved  during  and  after  the  ignition  pulse,  it 
is  possible  to  study  the  time  variation  of  a 
particular  moleculo  (e.g.,  NO2,  N^O,  or  NO). 
By  repeating  these  measurements  for  all 
possible  molecules,  a  giant  Jigsaw  is  formed. 


This  jigsaw  will  be  one  of  the  keys  to  a  correct 
decomposition  chain  and  thereby  the  key  to 
more  accurate  mathematical  models  for  the 
decomposition  and  ignition  of  explosives. 

One  of  the  advantages  of  the  laser 
ignition  method  is  that  there  are  no  external 
chemical  substances  interfaring  with  either 
the  decomposition  or  the  measurements.  One 
drawback,  though,  is  that  one  cannot  neglect 
the  fact  that  the  laser  pulse  to  some  extent 
mechanically  shocks  the  system,  so  it  cannot 
be  described  as  totally  undisturbed. 

Two  different  types  of  probe  lasers  were 
used,  an  Nd:YAO  laser  (Quantel  YQ681) 
working  at  632  nm  (doubled)  and  an  exelmer 
laser  (Spectra  Physics  BMQ  201E)  using  the 
KrF  line  at  248  nm.  The  band  width  of  the 
NdtYAQ  laser  is  0.7  em'^  while  the  band  width 
of  the  excimer  laser  is  0.3  nm.  Both  lasers 
created  laser  breakthrough  in  air,  but  by  using 
a  lens  with  a  long  focal  length  (200  mm)  to 
focus  the  excimer  beam  the  problem  was  less 
evident,  apparently  due  to  the  fact  that  the 
excimer  beam  is  of  a  lower  quality,  During 
measurements  in  the  explosive  chamber  in 
helium  atmosphere,  the  problem  reocourred 
when  "dust  clouds"  were  created  during 
imperfect  decomposition  in  the  pre>ignltion 
sone. 


When  choosing  the  type  of  probe  laser, 
the  influence  of  the  laser  wavelength  on  the 
Raman  cross  sections  of  the  molecules  must  be 
considered.  PJ.  Hargis**^  has  pointed  out  the 
possibility  of  trace  detection  of  small  mole¬ 
cules  when  using  an  excimer  laser  working  at 
24B  nm.  In  Table  1  the  Raman  cross  seotiono 
for  the  two  relevant  wavelengths  are  listed  for 
selected  molecules. 

The  fact  that  the  Raman  cross  section  is 
so  low  at  632  nm  compared  with  that  at  248  nm 
(approximately  1:26),  and  the  problems  with 
breakthrough  for  the  Nd:YAO  laser  makes  it 
very  difficult  to  use  an  Nd:YAQ  laser  for 
Raman  measurements  in  the  ignition  sone. 

The  method  would  be  improved  by  using 
an  OMA  (Optical  Multi-channel  Analyser)  so 
that  full  advantage  could  be  taken  of  the 
simultaneous  multi-species  detection  possibil¬ 
ity  offered  by  Raman  spectroscopy.  Tho 
occurrence  of  several  molecules  could  be 
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studied  with  one  luser  pulse  and  the  problems 
eonneeted  with  the  prc^ueed  dust  would  thus 
be  avoided. 

CONCLUSIONS 

The  combined  method  of  laser  ignition/ 
laser  Raman  spectroscopy  has  proved  to  be  a 
powerftil  tool  when  investigating  ignition  of 
HE.  The  method  has  a  couple  of  drawbacks, 
which  also  influence  the  results  in  this  work; 
the  band  width  of  the  exoimer  laser  of  O.S  nm 
limits  the  resolution  in  the  spectra,  the  laser 
pulse  width  limits  the  time  resolution,  and  the 
Raman  signals  are  very  weak. 

However,  it  is  our  belief  that  a  great  deal 
may  be  achieved  by  combining  laser  Raman 
spectroscopy  with  other  spectroscopy  methods. 
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The  effect  of  the  pentafluorothio  (SFg)  group  on  the  properties  ofexplo- 
siue  nitro  compounds  was  investigated.  During  the  initial  part  of  this 
investigation,  several  polynitro  8Fn  model  compounds  were  prepared 
and  the  best  model  compound  (based  on  overall  properties  such  as 
melting  point,  stability,  ease  of  synthesis,  etc.)  was  selected  for  in-depth 
physical  evaluation.  The  evaluation  included  determination  of  impact 
sensitivity,  thermal  stability,  and  the  heat  and  products  of  detonation, 
Based  on  the  encouraging  results  from  this  model  compound,  addi¬ 
tional  SFi  explosives  were  prepared  and  studied,  including  candidate 
SFs  explosives  for  incorporation  into  a  formulation  for  a  cylinder  test. 
The  results  from  this  investigation  support  the  hypothesis  that  the  SFs 
group  can  provide  nitro  explosives  with  improved  properties  (increased 
density,  decreased  sensitivity,  and  good  thermal  stability)  and  produce 
energy  in  the  detonation  (due  to  formation  of  HF  as  a  detonation 
product). 


INTRODUCTION 

Current  and  future  Navy  munitions 
require  explosives  that  combine  high  perfor* 
mance  with  low  vulnerability  towards  acciden¬ 
tal  detonation.  To  help  satisfy  this  need  for 
insensitive  high-performance  explosives,  an 
investigation  was  initiated  into  the  effect  of 
the  pentafluorothio  (SPe)  group  on  the 
properties  of  explosive  nitro  compounds.  The 
investigation  was  based  upon  the  following 
considerations:  (a)  the  predicted  energy  release 
due  to  formation  of  HF  in  the  detonation  of  SF5 
explosives  [compare  the  average  S-F  bond 
energy  (79  kcal/mol)  to  that  of  H-F  (136 
kcal/mol)];  (b)  the  predicted  energy  release 
from  SFs  compounds  in  metalized  composi¬ 
tions  (for  example,  compare  the  respective  S-F 
andAl-F  bond  energies,  79  and  168  kcal/mol); 


and  (c)  indications  that  the  SFs  group  can 
provide  explosive  nitro  compounds  with 
improved  properties,  i.e.,  increased  density, 
decreased  sensitivity,  and  good  thermal 
stability  (prior  to  our  investigation,  the  only 
polynitro  SFs  compound  was  fluoro- 
dinitroelhyl  pentafluorothioacetate  which  was 
described  as  a  thermally  stable,  insensitive 
liquid  with  a  density  of  1 .697  g/cc).^'^ 

The  approach  to  SFs  explosives  was  to 
prepare  several  polynitro  SF5  model  com¬ 
pounds  and  choose  the  best  (based  on  melting 
point,  density,  stability,  ease  of  synthesis,  etc.) 
for  in-depth  physical  evaluation.  This  evalua¬ 
tion  would  include  determination  of  the  impact 
sensitivity  and  thermal  stability  as  well  as 
calorimetric  determination  of  the  heat  and 
products  of  detonation.  Seven  SF5  explosives 
(model  compounds)  were  prepared  and  the  one 


1162 


(model  eompounde)  were  prepared  and  the  one 
aeleeted  for  Airther  evaluation  gave  sufllciently 
encouraging  resultB  to  warrant  an  attempt  to 
measure  the  performance  of  an  SFs  explosive 
in  a  cylinder  test.  The  SFs  explosive  for  the 
cylinder  tests  was  to  be  part  of  a  formulation 
containing  HMX  along  with  FBFO,  bis(fluoro- 
dinitroethyl)  formal,  as  plasticiser.^  To  mini* 
miss  sample  preparation  problems,  it  was 
desirable  to  use  an  SFs  explosive  that  has  a  low 
solubility  (similar  to  that  of  HMX)  in  FBFO. 
In  a  search  for  such  a  material,  a  series  of  eight 
energetic  SFs  carbamates  and  dicarbamates 
were  prepared  and  evaluated. 

The  initial  SFs  explosives  prepared  during 
the  course  of  this  investigation  were  straight 
chain  polynitroaliphatic  compounds.  More 
recently,  a  cyclic  polynitroaliphatic  SFs  com¬ 
pound  as  well  as  a  polynitroaromatic  compound 
containing  an  SFs  substituent  have  been 
synthesised.  Their  properties  were  determined 
and  compared  with  similar  materials  con¬ 
taining  no  SFs  group. 

RESULTS 

Synthesis  of  Polynltro  SFs  Model 
Compounds 

The  SFs  starting  material  for  the  prep¬ 
aration  of  the  polynltro  SFs  model  compounds 
was  pentafluorothioacetyl  chloride.^  This 
material  was  hydrolyzed  to  pentafluorothlo- 
acetic  acid^  (F53CH2CO2H)  which  was  con¬ 
densed  with  polynitroalcohols  such  as  2,2- 
dinitropropauol,  3-fluoro-3,3-dinltropropanol, 
and  3,3,3-trinltropropanol  to  give  esters 
(compounds  1  - 1  in  Table  1 ). 

The  low  melting  points  (see  Table  1)  of  the 
esters  (1  -  2)  made  them  unattractive  as  candl 
dates  for  further  evaluation  (Impact  sensitivity 
and  detonation  calorimetry  measurements  are 
more  convenient  for  solid  samples).  In  a  search 
for  higher  melting  SFs  explosives,  the  starting 
pentafluorothioacetyl  chloride  was  first 
reduced  to  pentafluorothioethanol*^ 
(FsSCHaCHaOH)  which  was  then  treated  with 
a  variety  of  energetic  intermediates  includ¬ 
ing  2,2,2-trlnitroethyl  isocyanate,^  N,N-bl8 
(2-nuoro-2,2-dinltroethyI)carbamyl  chloride,'^ 
4,4,4-trlnitrobutyric  acid,  and  tris(2-nuoro-2,2- 
dinitroethyDchloroorthoformate.^’^  The  prod¬ 


ucts  (compounds  i  -  2)  had  sufficiently  high 
melting  points  to  be  attractive  candidates  for 
this  study  (see  Table  2). 


Table  1.  Polynitroaliphatic  Eaters  ofPenta- 
fluorothioacetie  Acid 


0 

FsSCHaioR 

Compound 

R 

Melting 
Point,  “C 

1 

-CHaC(NOa)aCH3 

22 

2 

-CH2CH2CF(N02)2 

28 

2 

-CHaCHaCtNOals 

32 

Table  2,  SFg  Exploaiuea  from  Pentafluoro- 
thioethanol 


ROCH2CH2SFS 

Compound 

R 

mp 

“C 

Density 

(g/cc) 

i 

0 

(NOaiaCCHaNndl- 

81 

1.82* 

fit 

0 

KNOaiaFCCHalaJc- 

61 

0 

(NOaiaCCHaCHaHi- 

45 

I 

KNOalaFCCHaOlsC- 

96 

1.81* 

“By  gas  pycnometer;  Dr.  Michael  Chaykovsky, 
Naval  Surface  Warfare  Center 


Polynltro  SFs  Model  Compound  Chosen 
for  Further  Evaluation:  Model  Compound 
with  Best  Overall  Properties 

The  best  polynitro  SFs  model  compound, 
bused  mainly  on  melting  point  and  ease  of  syn¬ 
thesis,  was  compound  2>  tris  (2-f1uoro-2,2-dini- 
troethyD-pentalluorothioethyl  orthocarbonate. 
Approximately  76  grams  of  compound  2  wa^) 
prepared  to  provide  Bufficient  material  for  fur¬ 
ther  evaluation.  The  propc:  ties  of  2  (including 
impact  sensitivity  and  thermal  stability)  are 
shown  in  Table  3  and  are  compared  with  those 
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Tabus.  ProperiitB  of  Orthocar  bonateB 


[(N02)2FCCHa0]3C0CH2R 

Compound 

R 

H5o%  (cm) 

Density  (g/cc) 

Thermal  Stab. 

IBi 

2 

-CH2SF6 

61;  RDX  =  17“ 
9l;RDX=28‘> 

1.81** 

0.04-0.06' 

96 

S 

•CH2NO2 

41;  RDX =28“ 

- 

- 

89 

& 

-CP(NOa)2 

26;  RDX  =  24® 

1.80“ 

- 

136 

*  Determined  at  NSWC;  although  it  has  been  euggested  by  a  reviewer  that  we  normalize  the  data 
in  thia  table,  at  NSWC  we  traditionally  have  reported  the  actual  valuea  of  standard  and  teat 
compounds  measured  on  the  same  day.  The  values  of  standard  RDX  vary  over  time  with 
different  operators,  test  conditions,  sandpaper,  etc. 

^  Determined  at  LLNL;  HMX =32.  TNT=  148 

®  Determined  at  NSWC*® 

^  By  gas  pycnometer.  Dr,  Michael  Chaykovsky,  NSWC 

*  X>ray  crystal  density*  * 

**  Determined  at  LLNL;  total  gas  from  0.26  g  after  22h  at  120T;  HMX:  <0;.01,  RDX;0.02-0.026, 
TNT:0.01-0.012 


of  tria(2«fluoro-2,2-dinitroethyl)-(2-nitroethyl) 
orthocarbonate  (compound  g))  and  tetrakis  (2- 
fluoro<2,2<dinitroethyl)orthocarbonate  (corn* 
pound  g).  As  expected,  X  l^us  good  thermal 
stability,  but  the  most  striking  property  of  2  is 
its  appreciably  lowered  impact  sensitivity 
relative  to  g  and  g.  This  large  reduction  in 
impact  sensitivity  is  a  strong  indication  that 
the  SFs  group  is  effective  in  reducing  the 
impact  sensitivity  of  nitro  explosives. 

Heat  and  Products  of  Detonation  for  the 
Selected  Polynltro  SFs  Model  Compound 
(Compound  7) 

The  calorimetric  determination  of  the 
heat  and  products  of  detonation  for  X  was  done 
at  LLNL  using  a  monel  calorimeter  bomb  with 
a  gold  confining  cylinder.*^'*®  For  the  deto> 
nation  calorimetry  experiments,  compound  1 
was  pressed  into  two  26  gram  charges  using  a 
pressure  of  230  MPa  (34,000  psi)  under  a 
vacuum  of  less  than  0.6  mm  Hg  at  a 
temperature  of  46'*C  to  give  average  densities 
for  the  charges  of  1.801  and  1.807  g/cc  (99.6 
and  99,8  percent  of  theoretical  maximum 
density).  The  charges  were  initiated  with  a 
PETN  booster  and  the  heat  of  detonation  was 
measured  tube  1086  ±  26cul/g. 


The  detonation  calorimetry  experiments 
showed  that  the  only  fluorine  containing 
detonation  product  was  HF,  and  no  CF4,  SF4, 
SFs,  etc.,  were  detected.  This  was  a  desirable 
result  since  the  conversion  of  S-F  to  HF  in  the 
detonation  is  an  exothermic  process  (compare 
respective  bond  energies  of  79  and  135  kcal/ 
mol).  Surprisingly,  the  main  sulfur  species 
(about  70  percent)  recovered  after  the 
detonation  was  carbonyl  sulfide  (COS)  and  no 
signiilcant  amounts  of  SO2,  SOa,  or  products 
derived  therefrom  were  found.  This  is  an 
important  result  since  it  indicates  that 
incorporation  of  sulfur  will  not  reduce  the 
limited  amount  of  oxygen  available  for 
hydrocarbon  combustion.  In  fact,  with  the 
formation  of  COS,  sulfur  is  not  consuming 
oxygen  in  the  detonation  process  but  is 
behaving  as  an  oxidant.  Hydrogen  sulfide 
(H2S)  was  identified  as  the  other  mcgor  sulfur 
detonation  product,  a  product  in  which  sulfur 
again  behaves  as  an  oxidant. 

Energetic  SF5  Carbamates  and 
Dicarbamatesi  Candidates  for  a  Cylinder 
Test 

A  number  of  energetic  SF5  carbamates 
(compounds  see  Table  4)  were  prepared 
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Table  4,  Energetic  SFsCarbanatea 


H  0 

Fssi-dl-OR 

Compound 

R 

mp  *0 

Density 

(g/cc) 

m 

-CH2C(N02)iCH8 

92 

- 

U 

-CH2CH2C(N02)3 

67 

- 

12 

-CH2CF(N02)2 

81 

2.04'^  at 

-40*C 

11 

-CH2C(N02)3 

88 

*  X-ray  crystal  density  by  Dr,  Richard  Qilardi,  Naval 
Research  Laboratory,  Washington,  D.C, 


by  the  addition  of  energetic  alcohols  (2,2-di- 
nitropropanol,  3,3,3-trinitropropanoI,  2-fluoro- 
2,2-dinitroethanol,  and  2,2,2-trinitroothanol) 
to  pentafluorosulfanyl  isocyanate*^  (PsSN^ 
C~0),  It  was  initially  hoped  that  the 
carbamates  (jLfi  •  12)  would  be  useful  as  SF5 
explosives  in  a  formulation  for  a  cylinder  test. 
Similar  formulations,  containing  HMX  with  a 
binder  and  FRPO  as  plasticizer,  had  been 
tested  and  the  plan  was  to  replace 'part  of  the 
HMX  with  an  SF5  explosive.^  Hence,  one  of 
the  main  criteria  in  the  selection  of  a  candidate 
SFe  explosive  for  the  new  formulation  was  that 
the  SFs  explosive  have  low  solubility  (similar 
to  that  of  HMX)  in  the  plasticizer.  Unfortu¬ 
nately,  the  SFfi  carbamates  (Ifl  -  12)  were 
discovered  to  be  too  soluble  in  FBFO  to  be 
useful  in  such  a  formulation. 

Energetic  SFs  dicarbamates,  which  should 
be  less  soluble  in  FBFO  than  the  mono  carba¬ 
mates,  were  therefore  investigated  as  candi¬ 
dates  for  the  cylinder  test.  The  dicarbamates 
(compounds  li  -  H,  see  Table  6)  were  prepared 
by  reacting  2  moles  of  pentafluorosulfanyl 
isocyanate^  with  each  of  the  following  ener¬ 
getic  diols;  2,2-dinitropropane-l,3-diol;  2,2,8,8- 
tetranitro-4,6-dloxanonane-l ,9-diol;  3-nitraza- 
6,6-dinitrooctane-l,8-diol;  and  3,6-dinitra- 
zaoctane-l,8'diol.  As  anticipated,  the  SF5 
dicarbamates  had  lower  solubilities  in  FBFO 


with  compound  H  being  the  least  soluble. 
A  mixture  of  0.06  g  of  H  and  2.1  g  of  FBFO  at 
50-62'’C  contains  an  appreciable  amount  of 
undisBolved  U  and  requires  heating  to  80*C  to 
dissolve  all  material;  holding  overnight  at 
80^0  gave  no  visible  signs  of  decomposition  and 
12  reprecipitated  upon  cooling.  Thus,  based 
largely  on  its  solubility  in  FBFO,  12  (impact 
sensitivity  >  320  cm)  was  selected  as  the  SFs 
explosive  for  the  cylinder  test. 

A  cylinder  test  has  been  recently  con¬ 
ducted  on  a  formulation  containing  compound 
12.  HMX,  FBFO,  and  a  binder.  The  data  fi'om 
the  test  are  currently  being  analyzed  and  a 
definitive  interpretation  of  the  results  has  not 
yet  been  made.  However,  initial  indications 
are  that  the  energy  contribution  to  the 
formulation  by  the  SF5  group  will  be  no  more 
than  half  that  from  a  nitro  group.^ 

CYCLIC  POLYNITROALIPHATIC 
SFft  EXPLOSIVE 

The  cyclic  SF5  explosive,  1 ,3-dinitro-2-imi- 
dazolidone-N-pentafluorosulfanylimine  (com¬ 
pound  12i  Table  6),  was  prepared  as  follows: 
(a)  N-peiitafluorosulfanyl  dichloroimine*^ 
(FsSN  =  CCl2)  was  treated  with  ethylenedia- 
mine  to  provide  2  lmidBzolldone-N-pentafluoro- 
sulfanyiimine  (compound  !£);  (b)  nitration  of 
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Table  B.  Energetic  SFg  Dicarbamatea 


H  0 

(P5SN-(5-0)2R 

Compound 

R 

mp  "C 

Density  (g/ec) 

_  14 

[1 1 II  III!  III!  1  \WM 

160 

1.99* 

Ifi 

-CH2C(N02)2CH30 

iH2 

-CH2C(N02)2CH2(!) 

136 

- 

ig 

N02 

-CH2CH2NCH2 

C(N02)2 

•CH2CH2(!3H2 

140 

- 

12 

N02 

1 

-CH2CH2NCH2 

-ch2CH2N(!;h2 

N02 

144 

1.90“ 

*  X-ray  crystal  density  by  Dr,  Richard  Qilardi,  Navai  Research  liaboratory, 

Washin^on,  D.C. 

Ig  with  nitric-suifuric  acid  yielded  the  mono 
nitro  derivative  (compound  2^);  and  (c)  2Q  with 
trifluoroBcetic  anhydride-nitric  acid  produced 
the  dinitro  compound  Xg.  Table  6  shows  the 
large  difTerences  in  the  properties  of  Xg  and 
the  corresponding  l,3-dlnitro-2-imiduzolidone 
(compound  gl).  The  melting  point  of  Xfi  is 
remarkably  lower  than  that  of  gX  *^nd  the 
calculated  density  for  X&  le  appreciably  higher 
than  the  density  of  2X-  'i'he  x-ray  density  for  Xg 
has  not  yet  been  measured  because  of  a  lack  of 
suitable  crystals.  Crystals  of  Xfi  could  be  grown 
from  carbon  tetrachloride  but  they  were 
clusters,  and  crystals  fl-om  benzene  proved  to 
be  solvates  containing  2  molecules  of  Xg  per 
molecule  of  benzene.  However,  from  density 
data  for  SFs  nitro  compounds,  a  value  of 
61.39  cc/mole  for  the  atomic  volume  of  an  SFg 
group  wascalculated^'^  and  this  value  was  used 
to  predict*  *  the  density  of  Xfi. 
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Table  6.  2-lmidazolidone  Derivatives 


Ri- 

X 

i 

N 

N  N  -  Ra 

(tlla —  iwa 

Compound 

X 

Rj 

Ra 

mp 

*C 

Density 

(g/cc) 

1£ 

NSPs 

H 

H 

147 

- 

fifi 

NSFs 

H 

NO2 

114 

2.02*’ 

Ig 

NSFs 

NO2 

NOa 

41 

2.03® 

fil 

0 

NO2 

NOa 

210“ 

1.79^ 

*  Reported  in  literature 
**  X-ray  crystal  density  by  Dr.  Richard  Qilardl, 
Naval  Research  Laboratory,  Washington, 
DC. 

Calculated** 


POLYNITROAROMATIC  EXPLO¬ 
SIVE  WITH  SPr  substituent. 
EFFECT  OF  C-H  VS.  C-SF#  ON 
IMPACT  SENSITIVITY. 

In  Table  7,  the  properties  of  several  picryl 
ethers  (compounds  ^  -  21)  are  compared  with 
those  of  pieryI-(2-pentafluorothioethy1)  ether 
(compound  21).  It  was  hoped  that  picryI-(2- 
nitroethyDether  (Rs-CHsNOa)  could  be 
included  in  the  series  but  this  compound  has 
not  been  reported  in  the  literature  nor  could  it 
be  prepared  by  the  standard  method  from 
picryl  chloride  and  2-nitroethanol,  The  data  in 
Table  7  again  show  the  tendency  of  the  SF5 
group  to  lower  the  melting  points  and  increase 
the  densities  of  nitro  explosives.  However,  the 
main  objective  for  the  study  of  the  picryl  ether 
series  was  to  obtain  more  data  concerning 
the  effect  of  the  SFs  group  on  the  sensitivity 
of  nitro  explosives,  especially  the  effect  of 
replacing  H  with  SF5  (compounds  21  and  21)> 
Even  though  the  SF5  group  will  make  21  more 
energetic  than  21>  it  was  anticipated  that 
compound  21  could  still  have  the  lesser  sen¬ 
sitivity.  Unfortunately,  a  comparison  of  the 
sensitivities  of  21  and  21  could  not  be  made 
because  both  had  impact  sensitivities  greater 
than  the  limits  (320  cm)  of  the  impact  machine. 
Thus  other  series,  containing  more  sensitive 


Tabu  7,  Picryl  Elhera 


02N-^^~0CH2R 

N02 

Compound 

R 

mp 

•c 

Density 

(g/cc) 

H6q% 

(cm) 

22 

-CH2ONO2 

104^* 

1.68*’ 

- 

22 

-CFa 

104‘» 

1.78® 

- 

Zi 

-CH3 

78** 

1.62® 

>320 

2fi 

■CH2SF5“ 

78 

1.83® 

>320 

*  Compound  21  has  good  thermal  stability 
(0.06  cc/g  for  48  hr  at  lOOX) 

^  Reported  in  literature 

^  By  gas  pycnometer.  Dr.  Michael  Chaykovsky, 
NSWC 


materials,  will  be  investigated  to  better  deter¬ 
mine  the  effect  of  SF5  vs.  H  on  sensitivity. 
Target  compounds  for  one  of  these  series 
Include  (N02)3CCHaN(N03)CH2CH2SF5  and 
(N02)3CCH2N(N02)CH2CH3. 

IMPACT  SENSITIVITY  OF  AN 
ENERGETIC  SFg  CARBAMATE. 
EFFECT  OF  N-H  VS.  N-SF5  ON 
IMPACT  SENSITIVITY. 

In  Table  8,  properties  of  (N-pentafluoro- 
sulfanyl)-3,3,3-trinitropropyl  carbamate  (com¬ 
pound  Xlf  see  also  Table  6)  are  compared  with 
those  of  3,3,3-trinit' opropyl  carbamate  (com¬ 
pound  2fi)>  1'he  lower  melting  point  of  H 
relative  to  21  is  consistent  with  earlier  observa¬ 
tions  that  the  SF5  group  tends  to  produce  lower 
melting  compounds.  However,  the  most 
striking  property;  of  H  is  its  greatly  lowered 
impact  sensitivity  relative  to  21*  providing 
additional  suppott  for  the  hypothesis  that  the 
SF5  group  will  reduce  the  sensitivity  of  nitro 
explosives. 


Tabu  8,  PropertUa  ofTrinitropropyl 
Carbamataa 


OH 

(N02)3CCH2CH2oA-A-R 

Compound 

R 

Hso^t 

(cm) 

mp 

*C 

11 

SFj 

117** 

87 

22“ 

H 

44b 

82 

*  Prepared  by  treating  trinitroprcpyl 
chloroformate  (fVom  triphosgene'”  and 
3,3,3-trinltropropanol)  with  ammonia 
•»RDX  =  28 

SUMMARY  AND  CONCLUSIONS 

Several  polynitro  SF5  model  compounds 
were  prepared  and  one  was  selected  for 
in-depth  physical  evaluation.  The  SF5  com¬ 
pound  exhibited  high  density  and  good  thermal 
stability  but  most  significantly  showed  greatly 
reduced  impact  sensitivity  relative  to  very 
similar  compounds  that  contain  no  SF5  group. 
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Detonation  caIorlmr>Uy  for  tlie  :nniodel  compound 
showed  that  the  only  flu^^rme  containing  deto¬ 
nation  product  was  HF,  a  desirable  result  since 
conversion  of  S*F  to  HF  in  the  detonation  is 
exothermic  (comparison  of  bond  t  Aergies).  The 
main  suliur  species  among  the  detonation 
products  v.'ss  COS,  another  beneficial  result 
since  sulfur  did  not  consume  any  oxygen 
needed  for  hydrocarbon  combustion,  A  number 
of  energetic  SF5  carbamates  and  dicarbamates 
were  prepared  and  representatives  from  this 
group  were  found  to  have  crystal  densities 
ranging  from  1,90  to  2.04  g/cc.  Cyclic  SFk 
nitramines  were  aiso  found  to  have  densities 
greater  than  2.0  g/cc,  These  initial  results 
support  the  hypothesis  that  the  SF5  group  can 
provide  nltro  explosives  with  improved  proper¬ 
ties  (increased  density,  decreased  sensitivity, 
good  thermal  stability)  and  produce  energy  in 
the  detonation, 

Alsu  during  the  course  of  this  investiga¬ 
tion,  it  was  observed  that  the  SF5  group 
exhibits  a  strong  tendency  to  lower  the  melting 
points  of  nitro  explosives.  Therefore  the  SKs 
group  should  also  prove  advantageous  for  the 
preparation  of  low  melting  energetic  plasti¬ 
cisers,  an  area  that  is  currently  being  explored. 
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Detonation  of  a  number  of  pure  and  composite  explosives  in  tanks  filled 
with  Ar  gas  have  yielded  solid  carbonaceous  products  (soots)  with  a 
rich  chemistry,  Although  there  are  similarities,  the  soot  from  each 
explosive  has  some  uniqueness.  The  soote  are  composed  of  very  small 
solid  particles  of  graphite  and  often  diamond,  having  characteristic 
dimensions  of  about  20  atomic  diameters.  This  small  site  and  the  pres* 
ence  of  a  2S  wt  %  heatdahile  component  implies  an  important  surface 
chemistry  for  these  soots,  The  heat-labile  compounds  may  give  clues 
about  the  structure,  the  surface  chemistry,  and  the  mechanism  of  soot 
formation. 


INTRODUCTION 

Detailed  knowledge  of  the  chemical 
kineticB  and  equilibria  of  detonation  have  long 
been  a  desired,  but  elusive,  goal.  One  focus  of 
(his  chemistry  is  the  coagulation  of  carbona¬ 
ceous  solid  (soot)  from  carbon  initially  present 
as  the  skeletal  atoms  of  small  organic  CIINO 
molecules.  Current  detonation  models^  predict 
that  the  oxygon  reacts  first  to  form  HijO  from 
the  available  hydrogen,  then  the  remainder 
reacts  with  carbon  to  form  C02.  Any  carbon 
left  over  forms  the  soot.  ('I'he  nitrogen  forms 
N2.)  The  nature  of  this  soot  and  the  details  of 
its  formation  have  been  the  subject  of  much 
discussion.''*  The  literature  on  non-detonation 
soots  is  evitensive,  and  numerous  soot  types 
have  boon  described.^'*^  However,  reports  on 
the  chemical  cumposltiou  and  structure  of  deto¬ 
nation  soot  are  just  beginning  to  appear.^**^ 

The  characteristic  dimensions  of  the  basic 
soot  particles  observed,^  both  diamond  and 


graphite,  are  on  the  order  of  20  interatomic 
bond  lengths.  These  are  smaller  than  the 
maximum  sise  permitted  by  an  agglomeration 
process  limited  only  by  difTusion  in  the  dense 
detonation  products.**  The  graphite  particles 
are  not  balls  of  small  polynuclear  aromatic 
hydrocarbon  (PAH)  crystals,  as  In  hydrocarbon 
combustion  soot.^  Instead,  they  are  ribbons 
rosembling  carbon  blacks  graphltlxed  at  high 
temperature.^'**’^  Because  of  this  similarity  to 
carbon  blacks,  it  seems  plausible  that  the 
growth  processes  may  be  similar,  Furthermore, 
a  rapidly  quenched  mixture  containing  these 
graphite  ribbons  might  scavenge  soot-growth 
intermediates***  and  other  chemical  species  in 
the  detonating  explosive,  including  reaction 
intermediates  and  stable  productn  which  might 
give  clues  about  the  soot-formation  chemistry. 
These  conslderullons  led  us  to  investigate  possi¬ 
ble  heat-labile  surface  components  of  the  soots. 

Earlier  work  on  detonation  products  estab¬ 
lished  that  the  soots  contain  some  nitrogen. 


hydrogen,  and  probably  oxygen,  in  addition  to 
the  largest  component,  carbon.* P'rom 
detonation  calorimeter  data  one  could  deduce  a 
positive  heat  of  formation  for  the  soot.*’*  The 
bonding  of  the  noncarbon  atoms  in  the  soot 
had  not  been  established.  Here  we  will  review 
briefly  pertinent  previous  data,  report  further 
work  on  soot  diamond,  and  present  new  findings 
on  a  large  variety  of  thermally  labile  molecules 
found  in  the  soot.  These  results  suggest  pos¬ 
sible  chemical  structures  In  the  detonation 
soot,  give  support  to  a  restricted  diffusion 
model  of  solid  carbonaceous  cluster  formation, 
and  suggest  a  way  to  estimate  the  heat  of 
formation  of  the  soot  from  its  components. 

EX  PKRI  MENTAL 

Some  of  tho  soot  samples  In  this  study 
came  from  explosive  charges  fired  at  the 
PVaunliufer-Institut  fUr  Ohemische  Technol¬ 
ogic  (IC'D  in  the  P'ederal  Republic  of  Germany, 
and  others  came  from  the  Los  Alamos  National 
l^aborutory. 

The  following  came  from  ICT;  Samples 
#27/30  and  #28/30  were  pure  cast  TNT. 
Composite  explosives  were  cast  from  molten 
TNT  mixed  with  69.5  wt  %  powdered  cycle- 
trlmothylene-trlnltramine  (RDX)  to  make 
samples  #27  and  #34/30;  60  wt  %  powdered 
triaminotrinitrobenaene  (TA'Dl)  to  make 
sample  #00;  50  wt  %  powdered  nitroguanidino 
(NiOLI)  to  make  samples  #63,  #66/20,  and 
#10/41;  and  60  wt  %  powdered  ammonium 
nitrate  (AN)  to  make  sample  #36. 

The  charges  were  in  the  form  of  (nomi¬ 
nally)  300  g  cylinders  60  mm  diam  x  100  mm 
long.  They  were  boosted  by  a  16-g  pellet  of 
RDX  and  were  fired  in  a  1.6  nV*  tank  filled 
with  1  atmosphere  of  Ar  gas,  except  for  sample 
#10/41,  which  was  fired  in  vacuum.  A  few 
minutes  after  firing,  the  Ar  was  replaced  with 
air  and  the  soot  was  swept  from  tho  tank  into 
sample  bottles.  Samples  were  dried  at  106°C  to 
constant  weight.  Klemental  analysesH  and 
initial  lesults”*  from  samples  #27,  #60,  and 
#63  have  l)een  published. 

The  following  samples  wore  from  Los 
Alamos;  Sample  #H1067  was  pure  TNT 
pressed  to  a  density  of  1.470  g/cm^,  sample 
#111017  was  pure  TN'f  pressed  to  a  density  of 


1.630  g/cm^,  sample  #111068  Was  pure  TATB 
pressed  to  near  crystal  density,  ,  khd  sample 
#H1069  was  pure  RDX  pressed  to  near  crys¬ 
tal  density.  'These  charges  were  cylindrical, 
60  mm  diam  x  100  mm  long,  and  were  boosted 
with  a  15-g  charge  of  RDX.  The  Los  Alamos 
charges  wet's  flred  in  a  stedi  sphere  6  feet 
(1.83  m)  in  diameter,  with  a  volume  of  3.0  m^ 
fllled  with  760  torr  (1  atm)  of  Ar  gas.  The  soots 
were  collected  and  dried  as  described  above. 

The  micromorphologies  of  the  soots  were 
recorded  by  transmission  electron  microscopy 
('TEM),  and  crystal  structures  were  determined 
by  transmission  electron  microscope  electron 
diflVaction  (TEMED).^  'The  diamonds  wore 
Isolated  by  oxidative  removal  of  the  other  soot 
components  with  HNOa  and  HCIO4.®  Diamond 
in  tho  residue  was  identified  by  x  ray  diffrac¬ 
tion  (XRD)  powder  patterns.  Measurements 
with  an  x-ray  diffractometer  determined  the 
diameters  of  the  recovered  diamonds  and 
confirmed  the  diamond  lattice  spaclngs.  Ther¬ 
mally  labile  components  in  the  soot  were 
weighed  by  thermogravimetric  analysis  (TQA) 
and  were  identified  with  direct  insertion  probe 
(DIP)  mass  spectrometry. 

ANALYSIS  OF  RAW  SOOTS 

TEM  examination  of  samples  #27,  #60, 
and  #63  has  shown  that  the  soots  are  contposed 
of  graphite  ribbons  having  a  smallest  dimen¬ 
sion  of  3  nm  and  diamonds  having  diameters  of 
3  7  nm  (Figure  1  and  Reference  6).  'The 
intorplunar  spacings  measured  by  'TEMED 
from  a  group  of  the  diamonds  in  sample  #27 
agree  well  with  the  spaclngs  of  bulk  diamond 
('Table  1  and  Referenced). 

'The  detonation  graphite  appears  as 
partially  graphitlsed  (turbostratic  structure  by 
'TEMED)  ribbons  a  few  nm  thick,  not  as  aggre¬ 
gated  smaller  particles  or  crystals.  This  obser¬ 
vation  contrasts  with  tho  reported  structures  of 
graphitic  soots  from  hydrocarbon  flumes,  which 
pro  typically  spheres  10-600  nm  in  diameter, 
composed  of  many  small  graphitic  crystallites 
less  than  about  1  nm  thick.^  The  detonation 
diamond  appears  to  bo  almost  perfect  single 
crystals,  rather  than  aggregates  of  smaller 
crystals.  We  have  found  no  evidence  for  "rolled 
chlckenwire"  structuros  of  the  buckminster- 
fullerone family.*^  Furthermore,  tho  sly-os  of 
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Figure  /.  TEM  Micrograph  of  the  Soot  from  Sample  4^27  (TNT/HiyX).  D  denotes  diamond 
Htructuren  and  T,  the  turbostmtic  graphite  ribhom.  The  bar  scale  shows  10  nm  which  is  about  70 
interatomic  covalent  bond  lengths  in  diamond  or  graphite. 
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Table  1 .  Diamond  Structure 


TNT/  TNT/ 

TNT/ 

RDX  TATB 

NIGU 

#27  #60 

#63 

Wt%insoot 

16  24 

24 

Diameters,  nm 

TEM  image 

XRD, 

7  3 

3 

diiTractometer 

4.6  2.8 

2.8 

Spacings  (TEMED),  nm 

(111) 

0.2068 

(220) 

0.1266 

(311) 

0.1076 

(400) 

0.0884 

(440) 

0.0636 

Spacings  (XRD  Diffractometer),  nm 

0.206 

(111) 

0.206  0.206 

(220) 

0.126  0.126 

0.126 

(311) 

0.108  0.108 

0.108 

the  diamond  and  graphite  particlea  obaervod  in 
these  detonations  appear  to  be  too  small  foi 
unrestricted  growth  by  aggregation. 

A  model  for  growth  of  detonation  soot  by 
diffusion-controlled  aggregation  has  been 
developed  by  Shaw  and  Johnson  (SJ).’*  We  can 
apply  tho  SJ  model  to  these  detonations  with 
the  aid  of  a  hydrodynamic  model  for  the  expan¬ 
sion  of  the  detonation  products. A  largo 
portion  of  the  explosive  charge  is  maintained 
near  tho  detonation  density  for  about  3x10'^  s, 
v/hereas  the  characteristic  time  for  the 
unrestricted  aggregation  of  solid  carbon  in  the 
SJ  model  is  2  x  lo  ''*  s.  The  growth  time 
divided  by  the  characteristic  time  gives  the 
number  of  atoms  in  the  most  probable  particle 
sise,  in  our  case  1 .6  x  10^  atoms.  A  crystalline 
diamond  sphere  this  size  would  be  26  nm  in 
diameter,  whereas  we  see  a  7-nm  maximum, 
too  smal  1  in  volume  by  a  factor  of  60. 

The  dirrerences  suggest  that  (1)  particle 
growth  has  additional  restrictions  and  (2)  either 
aggregation  progresses  in  increments  closer  in 
size  to  atoms  than  to  small  crystals  or  the  final 
aggregates  are  annealed  well  enough  to  obscure 
componentcrystulliteB,but,  in  the  case  of  graph¬ 
ite,  Qol.  well  enough  to  accomplish  extensive 
gruphitization.  Tho  small  size  of  tho  diamonds 


and  the  graphite  ribbons  raise  the  possibility 
that  surface  chemistry  may  Influence  their 
relative  stabilities,^^  their  heats  of  formation, 
and  possibly  their  growth  mechanism. 

Qouy-balance  measurements  on  the  raw 
soot  show  evidence  of  unpaired  electrons,  a 
common  feature  of  finely  divided  solid  carbons. 
Elemental  analysis  of  the  dry  soots  shows  the 
presence  of  a  few  atom  %  each  of  H,  N,  and  0 
atoms  in  addition  to  C  atoms,  and  TQA 
analysis  shows  that  about  26%  of  the  soot,  is 
heat-labile  {Figure  2).  The  section  below  on 
volatiles  lists  some  of  the  probable  heat-labile 
components,  which  give  an  idea  of  the  func¬ 
tional  group  chemistry  of  the  soots. 

DIAMOND  RESIDUES 

Diamond  structures  were  found  in  the 
TEM  images,^  and  the  presence  of  diamond 
was  confirmed  by  strong  x-ray  powder  patterns 
in  the  oxidation  residues  of  samples  #27,  #60, 
and  #63.  The  oxidation  residue  A*om  sample 
#34/30  (60%  RDX/40%  TNT,  the  same  as 
sample  #27)  also  shows  a  strong  powder 
pattern  of  6-nm-diam  diamond.  However,  the 
soots  hrom  the  pure  explosives  ftrom  both  ICT 
and  Los  Alamos  yield  only  small  amounts  of 
residue  after  oxidation,  and  the  residues  show 
only  weak  diamond  x-ray  powder  patterns. 
This  result  agrees  with  Soviet  results,  where 
they  find  that  a  60/60  mixture  of  TNT  and 
KDX  producos  more  diamond  than  pure  TNT.'^ 


Figure  2.  TQA  of  Raw  Soot  Sample  427150 
(Pure  TNT)  in  1  atm  of  HE  Qae.  There  ia  about 
5%  weight  loHH  at  350“C,  the  upper  limit  of  the 
dip  gas  analyaen,  and  about  26%  at  the  terminal 
tion  of  the  run  at  120()'’C  after  300  min, 
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The  diameters  of  the  diamonds  in  the  oxi¬ 
dation  residues  showing  strong  diamond  pow¬ 
der  patterns  were  determined  by  the  widths  of 
their  diffraction  lines  measured  on  an  x-ray 
diffractometer  and,  in  all  three  cases,  they  are 
nearly  equal  to  the  diameter  of  the  diamonds 
observed  in  the  TBM  images  (Table  1), 
implying  that  the  diamonds  are  single  crystals. 

No  measurable  residue  was  obtained  from 
sample  #10/41  (TNT/NIOU),  which  was  fired 
in  a  vacuum.  This  result  can  be  compared  to 
that  of  sample  #63  (also  TNT/NIGU,  but  fired 
in  1  atm  of  Ar),  where  diamond  residue  is  24  wt 
%  of  the  soot.  Sample  #10/41  obviously  under¬ 
went  reshock  at  the  vessel  wall;  evidently,  the 
diamonds  do  not  survive  this  process.  The 
residue  from  sample  #36  (TNT/AN)  also 
contained  no  diamonds. 

Augcr/BSCA  analysis  shows  that  the  dia¬ 
mond  residue  from  sample  #63  has  some  0  and 
N  atoms,  which  are  probably  on  the  surface 
because  they  are  largely  removed  by  surface 
sputtering. 


VOLATILES 


I 


DIP  mass  spectrometry  of  raw  soots  (with 
the  temperature  ramped  at  20”C/min  up  to 
360*0  typically  shows  the  sequence  HjO,  CO, 
CO2.  NHa,  HNCO,  HCN.  and  HCI  as  mqjor 
volatiles.  Patterns  attributable  to  a  variety  of 
organics  generally  start  at  ca.  160*C.  A  promi¬ 
nent  peak  at  60  atomic  mass  units  (AMU) 
suggests  the  presence  of  urea.  In  the  case  of 
sample  #10/41  (TNT/NIQU),  the  pattern  of 
(undecomposed)  NIQU  is  present.  Sample 
#56/20  (TNT/NIQU)  releases  a  short  burst  of 
gas  at  about  240*C  that  fits  the  empirical 
formula  (HNO)x.  The  DIP  results  from  sample 
#27/30  (pure  TNT)  show  clearly  a  number  of 
peaks  consistent  with  a  sequence  of  fused 
aromatic  ring  compounds,  similar  to  soot 
precursors  in  other  chemical  systems,'*  but 
here  with  occasional  -CN  group  substitution 
(Figure  3).  Identifications  were  aided  by  com¬ 
parison  with  known  samples  run  in  the  DIP 
and  with  published  spectra. 
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Figure  3.  DIP  Mass  Spectrum  from  Sample  027/30  (Pure  TNT).  The  time  evolution  of  the  major 
peaks  seen  in  this  spectrum  (AMU  of  principal  peaks  in  parentheses)  are  consistent  with  the 
presence  ofNHj  (17,16),  H2O  (18),  HCN  (27),  CO  (28),  NO  (30),  HCL  (36),  HNCO  (43),  CO2  (44), 
Bemonitrile  (103),  Naphthalene/Bemenedicarbonitrile  (128),  Acenaphthalene/Biphenylene  (152), 
Naphthalenecarbonitrile  (153),  Phenanthrene! Anthracene  (178),  Pyrene/Fluoranthene  (202),  and 
Anthracenecarbonitrile  (203). 
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Diamond  isolated  from  sample  #63  gives 
oft  ll^O  at  low  temperatures  and  a  CO2-CO 
mixture  starting  at  ca.  300'*C,  which  suggests 
that  the  diamond  recovered  by  acid  oxidation 
may  have  a  carboxylated  surface,  No  signifi¬ 
cant  nitrogen-containing  species  were  driven 
off. 

CONCLUSIONS 

These  results  show  that  the  soot  has  a 
rich  chemistry  involving  heteroatoms.  Heat- 
labile  components,  containing  a  variety  of 
chemical  species,  have  been  found  in  quanti¬ 
ties  comparable  to  the  number  of  surface  atoms 
on  the  solids,  The  results  from  the  possible 
soot  precursors  suggest  that  -CN  groups  may 
be  present  as  surface  terminators. 

These  initial  investigations  suggest  a 
way  to  characterise  the  chemical  structure  of 
detonation  soot,  which  might  permit  estimates 
of  the  heat  of  soot  formation  and  give 
important  clues  about  possible  mechanisms  of 
soot  formation,  If  the  various  methods 
outlined  above  can  be  made  sufficiently 
quantitative,  bounds  can  be  put  on  the  heat  of 
soot  formation.  The  interiors  of  the  diamonds 
are  crystallographically  the  same  as  bulk 
diamond,  the  graphite  appears  to  be  a 
recognized  form,  and  the  volatiles  are  all 
known  molecules.  The  principal  unknowns  are 
the  surface  contributions  of  the  diamond  and 
graphite,  which  could  be  considerable  because 
of  the  large  specific  ureas.  Further  challenges 
are  understanding  the  kinetics  of  the  soot 
formation  and  the  binding  of  the  adsorbed 
species  to  the  surfaces. 
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MOLECULAR  MODEI.S  FOR  EXPLOSIVES: 
APPLICATIONS  TO  NTO 
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We  calculated  etructuree  and  energiee  for  eeoeral  iHomere  of  B-nitro'^ 
l,2,4-triaeol-6‘one  (NTO),  using  molecular  orbital  thepry,  The  1H,4H 
isomer  u>as  found  to  be  lowest  in  energy,  We  predict  the  existence  of  an 
additional  low-lying  form  that  may  either  be  directly  observable  or 
have  its  existence  inferred  in  experiments.  We  also  calculated  some 
possible  forms  of  the  conjugate  base  of  NTO,  Finally,  we  have  applied  a 
new  method  of  calculation  to  predict  the  geometry  of  the  diaminoguani- 
dinium  salt  of  NTO, 


INTRODUCTION 

Advances  in  computer  technology  and 
computational  algorithms  have  enabled 
accurate  molecular  orbital  calculations  to  be 
performed  for  molecules  the  slse  of  some 
common  llEs.  These  calculations  provide 
fundamental  molecular  properties  and  can 
serve  as  a  useful  adjunct  to  experiment  in  try* 
ing  to  understand  the  behavior  of  explosives. 
Our  long-term  goal  Is  to  determine  the  rela¬ 
tionships  between  the  fundamental  properties 
ofexplosives  and  their  observed  behavior.  This 
paper  reports  some  of  our  results  fur  the 
explosive  3  nitro-l,2,4-trluzol-8-ono  (NTO).* 
Our  results  demonstrate  what  levels  of  theory 
are  required  to  obtain  accurate  predictions. 

Among  the  properties  that  one  would  like 
to  know  are;  molecular  structure,  energy,  and 
spectroscopic  constants;  reactivity,  and  Inter- 
molecular  interactions.  The  molecular  struc¬ 
ture,  energy,  and  spectroscopis  constants  are 
useful  for  determining  the  thermodynamic 
properties  and  establishing  the  identity  of  a 
proposed  compound  or  reactive  Intermediate. 
These  quantities  arc  becoming  increasingly 
important  us  spectroscopic  Investigations  are 
performed  with  the  intention  of  determining 
decomposition  mechanisms  in  energetic 
mutorials.  Thus,  comparison  of  observed 
spectra  with  calculated  spectra  for  specific 


species  can  help  to  Identify  reactive  interme¬ 
diates.  Reactions  and  reactivity  of  explosives 
are  obviously  of  great  concern.  LlkeNvise, 
Intermolecular  Interactions  are  important  in 
determining  crystal  structures. 

METHODS 

Quantum  mechanical  calculations  report¬ 
ed  In  this  paper  were  performed  with  the 
GAUSS1AN82  computer  program.*  Standard 
basis  sets  wore  used  throughout.*’ 

RESULTS 

Figure  1  shows  the  structure  usually 
drawn  for  NTO  us  I;  however,  hydrogens  on 
amide  nitrogens  are  frequently  quite  labile 
and  mobile.  Various  tautomers  of  NTO  that 
are  difficult  to  distinguish  experimentally 
fi'om  one  another  and  from  NTO  may  thus  bo 
formed  by  possibly  facile  rearrangements  of 
hydrogens.  Othur  posslblu  tautomers  are 
shown  as  ll-IV  in  Figure  I.  With  the  available 
experimental  data,  it  is  diiTlcult  to  establish 
with  certainty  that  the  explosive  wo  commonly 
refer  to  as  NTO  has,  in  fact,  structure  i. 
Although  X-ray  data  has  been  obtained^  and 
may  strongly  support  structure  I,  the  deilnitivo 
neutron  structure  has  not  yet  been  obtained, 
Consequently,  ab  initio  molecular  orbital 
calcululions  were  performed  co  determine  the 
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figure  1 ,  Optimited  Qeometrlee  Obtained  from  3-210  Calculationa 


litructurou  and  relative  energies  of  NTO  and  its 
tautomers. 

Table  1  shows  the  energies  calculated  for 
MV  ut  the  various  levels  of  theory  employed. 
IDnergies  obtained  from  the  AMI  method,^ 
which  is  superior  to  MIN  DO/3  in  some  regards, 
are  also  included  for  comparison.  These 
energies  are  seen  to  wildly  disagree. 

Our  best  calculations,  at  6-31Q'*'//3-21Q, 
indicate  that  I  is  the  correct  structure  of  NTO. 
II-IV  lie  somewhat  higher  in  energy,  but  con¬ 
ceivably  could  play  a  role  in  solution  because 
they  may  be  energetically  accessible,  in  addi¬ 
tion,  II-IV  have  a  larger  dipole  momunt  than 
does  1  and  polar  solvents  may  preferentially 
stabilize  IMV  duo  to  solvation  diffcroncos. 

A  heat  of  formation  of  NTO  can  bo  esti¬ 
mated  using  the  calculated  energies  and  atom 
equivalents  of  Ibrahim  and  Schleyer  developed 
for  this  purpose.^  Table  2  shows  the  result  of 
thl)j  calculutloti.  The  6'31QV/3-2]Q  calcula¬ 
tions  arc  our  best  and  yield  a  Ii|<g)  ~  3.2  kcal. 

Thu  heat  of  formation  obtained  by  this 
method  is  appropriate  fur  the  gas  phase. 


Measurements  are,  however,  commonly  made 
In  the  solid  phase.  These  quantities  can  be 
related  using  the  ad  hoc  correlation  we  have 
previously  devised.’’^  The  relationship  is  shown 
in  Equation  1. 

Hy(c)*  1.13  MI, .(g)-  23.03 

N  =  23,  r=  0.987,  SI)  =  4,4  kcal,  (1) 
quantities  in  kcal 

Use  of  Equation  1  with  the  6-3IQV/3-21G 
Mtfg)  yields  a  ll|<c)  of  -26.7  kcal,  our  preferred 
result. 

Calculated  Structures  and  Energies  for 
the  Conjugate  Rases  of  NTO 

Initial  calculations  wore  performed  with 
the  3-21 Q  basis  set;^  geometries  were  com¬ 
pletely  optimized  assuming  the  molecules  to  be 
planar.  Because  anions  are  better  described 
with  diffuse  functions,  additional  calculationr< 
wore  also  performed  using  the  6-310-}-  basis 
set^  ut  the  3-21 Q  geometry.  The  two  sots  of 


1186 


Table  1 ,  Calculated  Energies  ofNTO  and  Its  Tautomers  From  Various  Levels  of  Theory 


Method 

I 

n 

III 

IV 

MINDO/3 

(kcal) 

-91.4 

-88.1 

-92.6 

-72.6 

AMI 

(kcal) 

43.8 

62.2 

46.8 

69.9 

3-2ia//3.21Q 

lau) 

-616.17789 

-616.12836 

-616,14608 

-616.13727 

6-3ia*//3-21G 

(au) 

•619.12631 

-619.10176 

-619.10217 

-519.08916 

Dipole  (D) 

1.25 

8.6 

5,4 

6.3 

Table  2,  Atom  Equivalents  and  Calculated  Heat  of  Formation  ofNTO 


Atom  Type  and  Number 

3-21 Q  Equivalent 

6-310*  Equivalent 

Od-(C) 

-74.36605 

-74.79644 

2Cd-(Cd)(C)a 

2(- 37,66998) 

2(- 37.88371) 

2N-(U)2(C0) 

2(- 64. 17266) 

2 -(54.46869) 

Nd-(U)(Cd) 

-64.13360 

-64.46209 

Nd-(C)(0d)(0,) 

-64.09780 

-64.4401? 

0«-(N) 

-74.38389 

-74.79848 

Od-(N) 

-74.36606 

-74.79644 

2II-(N) 

2(- 00. 66322) 

2(- 00.66636) 

SUM 

-616.18701 

-619.12114 

Calc.  F 

-616.17781 

-619.12631 

HKg)  in  kcal 

-13.1 

-3.2 

H|<c)  in  kcal 

-37.8 

-26.7 

from  Kq.  1 

calculatiuns  are  then  cunvoniently  denoted 
as;  3-2ia//3‘2ia  and  6-31Q -f //3-21Q, 
respectivuly. 

The  Btructuree  and  energies  of  the  three 
forms  of  the  conjugate  base  of  NTO  were 
obtained  and  are  shown  in  Figure  2.  Table  3 
showB  the  calculated  total  energies  for  V-VIl 
and  the  energy  of  I  for  comparison.  The 
calculated  energies  of  V  VII  show  V  to  be  the 


most  Htable  form.  The  preference  for  V  is  quite 
small,  however,  at  the  6-31 4-0//3-21Q  level. 

The  calculations  agree  with  the  recent 
crystal  structure  of  the  ethylene  diamine  salt 
of  NTO,  which  shows  deprotonation  at  the  4 
position.  Table  4  compares  the  calculated 
structure  of  V  with  that  observed  for  the 
ethylene  diamine  salt  of  NTO.  In  general,  con- 
sidering  the  possible  effects  of  crystal 
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V  VI  VII 

Figure  2,  Optimized  Qeometriee  Obtained  From  3-210  Calculations 


Table  3,  Calculated  Relative  Energies  (in  Au)  for  NTO  (I)  and  its  Coiyugate  Bases  (V-VII) 
from  Two  Theoretical  Models 


Model 

I 

HHDHI 

VI 

VII 

3-21G//3-21G 

-616.17789 

-616.61923 

-515.61644 

-616.60387 

6-31G+//3-21G 

•618.86806 

-618.33579 

•518.33610 

-618.32236 

Table  4.  Comparison  of  Calculated  Bond  Lengths  in  V  and  Those  Observed  in  the  Ethylene 
Diamine  Sail  of  NTO 


Bond 

Obg.  (avg.) 

Calc. 

Error 

Cs-O 

1.276, 

1.267, 

1.260 

(1.264) 

1.231 

-0.033 

N1-N2 

1.370, 

1.369, 

1.363 

(1.364) 

1.408 

+  0.044 

N2'C3 

1.304, 

1.307, 

1.307 

(1.306) 

1.297 

-0.009 

C3-N4 

1.337, 

1.333, 

1.338 

(1.336) 

1.331 

-0.006 

N4-C6 

1.366, 

1.367, 

1.364 

(1.366) 

1.373 

+  0.017 

Cs-N, 

1.368, 

1.364, 

1.362 

(1.361) 

1.402 

+  0.041 

C3-NO2 

1.461, 

1.460, 

1.449 

(1.460) 

1.436 

-0.014 

N-0 

1.228, 

1.216, 

1.220 

(1.221) 

1.260 

+  0.029 

N-0 

1.219, 

1.237, 

1.222 

(1.226) 

1.239 

+  0.013 

enviroiiinent  and  limitulions  oftho  theory,  the 
ugroemonl  is  about  as  good  au  can  be  expected, 
the  maximum  deviations  being  +0.044  and 
0.033  A.  The  average  unsigned  error  in  bond 
length  is  0.023  A,  which  is  typical  for  calcula¬ 
tions  at  this  level. 


Uleulroatatic  Models  for  Intermoleoular 
Interactions 

As  shown  above,  we  cun  obtain  reuson- 
ably  accurate  predictions  for  molecules  the  size 
of  NTO.  Another  quantity  available  from 
those  calculations  is  the  total  molecular 
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electron  density  distribution.  We  believe  that 
this  information  can  be  used  to  approximate 
the  electrostatic  component  of  intermolecular 
interactions.  Since  accurate  ab  initio  calcula¬ 
tions  are  still  out  of  reach  for  systems  includ¬ 
ing  two  or  three  or  more  molecules  the  sixe  of 
NTO,  we  are  exploring  ways  in  which  the 
information  fTom  a  high  quality  calculation  on 
a  single  molecule  might  be  used  to  improve 
empirical  methods  fot  calculating  intermolec¬ 
ular  Interactions  among  several,  possibly  up  to 
hundreds,  of  molecules. 

We  have  previously  devised  a  means  of 
apportioning  the  total  electron  density  in  a 
molecule  among  the  constituent  atoms,*  The 
electronic  charge  distribution  associated  with 
an  atom  in  a  molecule  may  then  be  described 
by  a  multipole  expansion,  Collected  together 
these  atom-centered  multipole  expansions 
(ACMRs)  describe  the  total  molecular  charge 
distribution  in  a  convenient  and  compact  form. 
In  addition,  these  ACMBs  can  be  used  lu 
calculate  electrostatic  interactions  between 
molecules, Once  the  ACMBs  have  been 
obtained,  calculation  of  the  electrostatic 
energy  can  be  done  very  quickly, 

Other  workers  have  shown  that  electro¬ 
static  considerations  play  a  signiflcant  role  in 
determining  the  total  energy  of  intermolecular 
interactions.*^  This  has  been  especially  well- 
studied  in  hydrogen-bonded  systems.  What  is 
found  is  that  inductive  attractions  and  overlap 
repulsions  nearly  balance  one  another.  Tho 
electrostatic  energy  then  remains  and  closely 
parallels  the  total  energy  of  interaction. 

Despite  the  recognised  importance  of 
electrostatics  in  determining  intermolecular 
interactions,  computer  programs  used  to  calcu¬ 
late  molecular  crystal  structures  either  ignore 
this  effect  entirely  or  include  only  very  rough 
estimates  for  it.  The  techniques  we  have  devel¬ 
oped  might  ultimately  be  incorporated  into 
crystal  structure  calculations  as  a  means  of 
using  the  information  available  from  molec¬ 
ular  orbital  calculations.  Such  an  approach 
would  provide  a  means  by  which  the  elTects  of 
the  molecular  environment  upon  a  constituent 
atom  might  be  taken  into  account. 

NTO  readily  reacts  with  amine  buses  to 
produce  salts.  The  diaminoguunidinium  salt  of 


NTO  has  been  produced  in  this  fashion  at  Los 
Alsnnos.*^  X-ray  structure  analysis*^  reveals 
that  the  diaminoguanidinium  ion  of  this  salt 
appears  in  the  A  configuration  indicated 
below;  we  denote  this  geometry  as  DAQA, 
Interestingly,  X-ray  structure  analysis  of  the 
diaminoguanidinium  salt  of  nitric  acid  shows 
another  form  of  the  cation,*^  indicated  as  B, 
below,  which  we  denote  DAQB. 


The  reeults  of  molecular  orbital  calcula¬ 
tions  foi'  both  forms  of  the  diaminoguani¬ 
dinium  ion  are  summarised  in  Table  6,  They 
show  that  DAQA,  as  found  in  the  NTO  salt,  is 
higher  in  energy  than  DAQB,  as  found  in  the 
nitric  acid  salt.  The  question  to  be  answered 
then  is  why  does  the  conjugate  base  of  NTO 
selectively  bind  DAQA  when  another  lower 
energy  form  is  avuilable? 


To  answer  this  question  ACMEs  were 
obtained  for  the  coi\|ugate  base  of  NTO  and 
both  forms  of  the  diaminoguanidinium  cation. 
The  electrostatic  energy  of  interaction  of  the 
anion  with  DAQA  and  DAQB  was  then  calcu¬ 
lated  for  different  geometries.  The  geometries 
of  the  anion  and  cation  fragments  were  fixed  at 
those  found  in  the  original  MO  calculations. 
Intermolecular  distances  and  angles  were 
varied  however  to  optimise  the  electrostatic 
interactions,  The  complexes  were  prevented 
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table  5.  Optimized  Geometrical  Parameters  and  JSnergies  for  the  A  and  B  Forma  of 
Diaminoguanidiumlon  (See  text) 


K 

_ B _ 

3-21 G 

6-31 Q* 

3;21Q 

6-310* 

Etoi(uu) 

-312.78369 

-314.51739 

-312.78526 

-314.61830 

Brei(kcal) 

0.0 

0.0 

-1.0 

-0.6 

R(C|Na) 

1.304 

1.307 

1.316 

1.317 

R(Ci  Na) 

1.334 

1.331 

1.322 

1.381 

RiCi-Ns) 

M 

II 

1.333 

li331 

R(N3-N6) 

1.421 

1.386 

1.421 

1.388 

R(N4-Ne) 

II 

II 

1.422 

1.387 

R(N2-H7) 

1.001 

0.997 

0.998 

0.995 

R(Na-H8) 

H 

II 

1.003 

0.998 

R(N3-H9) 

1.000 

0.998 

1.002 

0.999 

R(N4-H,o) 

II 

II 

1.000 

0.998 

RiNslln) 

1.006 

1.001 

1.006 

1.001 

from  collapsing  by  surrounding  each  atom  with 
a  hard  sphere,  the  diameter  of  which  was  taken 
from  Bondi.'® 

Figure  3  shows  the  minimum  energy  con¬ 
figurations  found  for  NTO/DAOA  and  NTO/ 
DAQB.  Many  other  structures  were  investi¬ 
gated,  but  these  are  the  lowest  energy  forms 
found.  The  two  structures  are  very  similar  in 
their  hydrogen-bending  interHctlons  with  two 
N-Ii  moieties  of  DAQ  directed  toward  the 
carbonyl  oxygen  and  the  4-nitrogon  of  NTO. 
These  two  atoms  are  the  most  highly 
negatively  charged  of  NTO  and  present  the 
most  favorable  sites  for  hydrogen-bonding.  In 
both  casus,  the  DAQ  molecules  are  skewed 
toward  the  oxygen  of  the  nilro  group,  which  is 
also  highly  negatively  charged.  Both  com¬ 
plexes  wore  found  to  be  planar,  although  they 
were  not  constrained  to  be  so. 

The  NTO/DAOA  complex  was  found  to  be 
3.4  kcal/mol  more  stable  than  tho  NTO/t)AQH 
complex.  The  0-^112  nitrogen  of  DAQ  is  found 
to  be  more  negatively  charged  than  the 
C-NII-NHs!  nitrogens,  and  should  therefore 
form  a  weaker  hydrogen-bond.  This  appears  to 


bo  the  m^jor  reason  that  DAQA  interacts  more 
strongly  with  NTO  than  DAQB.  A  comparison 
between  our  calculated  structure  for  tho  NTO/ 
DAQA  complex  and  the  asymmetric  unit  deter¬ 
mined  by  X-ray  crystallography  is  shown  in 
Figured.  The  electrostatic  model  is  seen  to 
reproduce  the  observed  structure  at  least 
qualitatively.  Since  the  difference  in  energy 
between  the  two  complexes  is  larger  than  the 
difference  in  energy  of  the  isolated  molecules, 
as  shown  in  Table  6,  it  is  the  electrostatic 
energy  which  selectively  allows  the  cordugato 
base  of  NTO  to  bind  DAQA. 

CONCLUSIONS 

Wo  have  demonstrated  tnat  MO  calcula¬ 
tions  provide  useful  information  about  the 
structure,  energy,  and  reactivity  of  NTO. 
Many  of  tli>"ie  calculations  were  performed 
before  the  corresponding  experiments  were 
performed,  indicating  that  reliable  predictions 
can  be  made,  provided  that  the  molecule  is  not 
so  large  as  to  preclude  the  use  of  large  basis 
sots  and  other  moans  for  performing  accurate 
calculations. 


Figure  3.  Lomat  Electroatatic  Energy  Forma  for  NTO/DAQA  (A)  and  NTOIDAOB  (B) 
Anion-Cation  Paira 


Figure  4,  Compariaon  of  Some  Intermolecular  Distances  for  the  Calculated  NTO/DAOA  Pair 
(A)  and  Those  Found  Experimentally  for  the  Asymmetric  Unit  of  the  Diaminoguanidinium  Salt 
ofNrO(B) 
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The  role  ofdiffUeion  in  two  aepecie  of  detonation  chemiatry  ie  examined, 
In  the  flrat,  the  early  time  evolution  of  a  model  hot  apot  ia  inveatigated 
uaing  two  techniquea,  a  di/fUaion-reaetion  equation  and  a  atoehaatie 
aimulation.  It  ia  ahown  that  for  email  hot  apota  containing  few  reactive 
particlea  atoehaatie  effacta  are  important  and  may  lead  to  the  quenching 
of  the  hot  apot.  In  the  aeeond,  we  preaent  a  theoretical  framework  to 
deaeribe  the  tranaition  between  diffuaion  and  activation-controlled 
kinetica,  A  diffuaion  equation  for  a  pair  diatribution  function  ia  aet  up 
and  aolved  in  the  ateady  atate  uaing  a  radiation  boundary  condition  in 
terma  of  the  potential  of  mean  force.  Application  of  the  aolution  requirea 
a  knowledge  of  the  diffuaion  coefficient  over  a  range  oftemperaturea  and 
denaitiea,  Theae  are  calculated  uaing  molecular  dynamica. 


INTRODUCTION 

The  detailed  modelling  of  detonation 
requirea  an  underitandlng  of  complex,  inter* 
acting  kinetic  and  hydrodynamic  proceaaea. 
Thii  paper  ii  concerned  primarily  with  the 
former  and  with  the  apeeine  conaiderationa 
which  need  to  be  made  at  the  high  tern* 
peraturea  and  preaaurea  involved.  In  par* 
ticular,  we  addreaa  the  interaction  between 
dUTuaion  of  molecular  and  radical  apeciea  and 
their  reaction  on  encounter.  Two  aapecta  are 
conaidered;  (a)  the  early  atage  of  the  initiation 
proceaa  and  its  development  into  a  detonation, 
and  (b)  the  poet-detonation  kinetics,  where  the 
ayatem  relaxes  from  the  Chapman-Jouguet 
point. 

INITIATION 

There  is  a  great  deal  of  interest  in  the 
mechaniam  of  shock  initiation  of  energetic 
materiala.  Treatments  tend  to  be  concerned 
with  tho  full  development  of  the  detonation 
wave  and  generally  include  oversimplified, 
and  often  unreaiistic  chemical  kinetic  pro¬ 
cesses.  There  are  some  exceptions  hut  such 
treatments  impose  spatial  simplifications  often 
involving  homogeneous  kinetics.*  The  aim  of 
this  work  is  to  model  the  initial  stages  of  a 


detonation  from  a  microscopic  chemical  kinetic 
viewpoint. 

Hot  spots,  produced  as  a  result  of  the 
passage  of  a  shook  front  are  central  to  most 
theories  of  initiation.^  In  a  polycryatalline 
solid  hot  spots  are  formed  by  friction  between 
grain  boundaries,  cavity  collapse,  or  impuri¬ 
ties;  in  a  pure  liquid  they  are  generated  either 
by  bubble  collapse  or  by  instabilities  in  the 
shock  front.^  From  a  chemical  kinetic  view¬ 
point,  hot  spots  are  regions  of  high  tem¬ 
perature  in  which  locally  high  concentrations 
of  active  species,  such  as  radicals,  are  pro¬ 
duced. 

The  development  of  a  detonation  might  be 
considered  to  occur  in  two  stages.  Initially, 
individual  hot  spots  develop  with  time;  chemi¬ 
cal  reaction  occurs;  heat  is  liberated,  increas¬ 
ing  the  pressure;  and  the  hot  spot  expands  by 
diffusion  and  convection.  In  the  second  stage, 
initially  separate  hot  spots  interact  to  produce 
a  self-Bustalning  reaction  wave.  In  this  section 
we  are  interested  in  the  former  process,  in 
which  the  important  aspects  are  the  require¬ 
ments  for  reaction  initiated  at  the  hot  spot  to 
be  sustained,  and  for  the  reaction  rone  to 
expand. 
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As  a  first  step,  it  is  necessary  to  choose  a 
simplified,  though  not  wholly  unroutistic, 
chemical  kinetic  mechanism  for  a  detonation. 

R  +  A  —  P  (1) 

k„ 

A  +  P  B  (2) 

k. 

R  +  B  ~  A  +  B  +  P  (3) 

In  this  mechanism  R  is  a  fuel  molecule,  A  is  an 
active  intermediate  (radical,  etc.),  P  is  a  pro¬ 
duct  molecule,  and  B  is  a  branching  species 
which  is  involved  in  the  autocatalytic  step  (3). 

The  mechanism  was  examined  in  two 
ways.  The  first  method  employs  a  convention¬ 
al  deterministic  approach,  in  which  coupled 
kinetic  rate  equations  and  diffusion  equations 
for  the  above  species  are  numerically  inte¬ 
grated.  For  species  A,  this  equation  is  of  the 
form 


■"  '  (4) 

where  C/  is  the  concentration  and  I)^  the 
diffusion  coefficient  of  species  t,  and  the 
irreversible  rate  coefficients  are  denoted  k. 
These  equations,  subject  to  suitable  boundary 
conditions,  were  Integrated  using  finite  differ¬ 
ence  methods.  Two  geometries  wore  consider¬ 
ed;  linear  and  spherical.  For  the  linear  case 
the  single  dimension  was  divided  into  50  cells, 
each  associated  with  Initial  concentrations  for 
every  species.  The  total  concentration  for  each 
cell  corresponds  roughly  to  a  compressed  fluid 
and  the  small  initial  concentration  of  A  mole¬ 
cules  in  the  first  cell  models  an  incipient  hot 
spot.  The  same  analysis  was  applied  to  the 
spherical  case,  except  that  the  space  was 
divided  into  60  concentric  spherical  shells,  and 
the  diffusion  equation  was  modified  to  take 
account  of  the  spherical  geometry.  Results  for 
the  linear  case  are  shown  in  Figure  1.  The 
frames  are  spaced  at  0.2  ns  intervals.  It  can  be 
seen  that,  after  a  small  initial  period,  a  definite 
reaction  wave  is  formed  which  moves  out  with 
a  speed  of  approximately  30  ms  This  is,  of 
course,  substantially  less  than  the  normal 


detonation  speed,  and  is  more  consistent  with  a 
deflagration  arising  from  diffusive  transport. 
An  increase  of  10  ms't  was  obtained  when 
thermal  conductivity  was  introduced  into  the 
model.  The  present  mechanism  includes  only 
diffusion-controlled  reactions  with  weak  tem¬ 
perature  dependencies;  no  reactive  heat 
release  was  cohsidered.  The  inclusion  of  heat 
release  and  of  activation  controlled  reactions, 
which  are  more  sensitive  to  increases  in  tem¬ 
perature,  would  provide  a  further  mechanism 
for  positive  feedback  (thermal  explosion). 
Work  is  also  in  progress  on  the  introduction  of 
momentum  transfer.  All  these  effects  can  be 
included  with  only  a  modest  increase  in 
computing  time  Our  main  concern  here  is  to 
compare  a  deterministic  model  which  is, 
admittedly,  crude  with  a  stochastic  model. 

The  above  macroscopic  analysis  is 
acceptable  for  large  hot  spots,  where  the 
discrete  nature  of  the  reactive  species  may 
justifiably  be  neglected.  However,  when  the 
hot  spots  are  small,  then  small  numbers  of 
reactive  species  are  involved  and  a  stochastic 
approach  may  be  more  appropriate.  Initially, 
an  approach  based  on  a  master  equation  was 
investigated.  A  master  equation  is  a  set  of 
coupled  differential  equations  describing  the 
time  evolution  of  the  distribution  of  state 
probabilities.  For  example,  in  the  simple  one¬ 
dimensional  model  outlined  above  the  state  of 
each  cell  is  determined  by  the  number  of 
molecules  of  each  type.  A  probability  distribu¬ 
tion  function  (p.d.f.)  can  be  defined  for  each  cell 
p/a,b,p,r,t),  such  that  there  are  a  molecules  of 
type  A,  b  molecules  of  type  B,  etc.,  in  the  jth 
cell  at  time  t.  The  evolution  of  the  p.d.f.  with 
time  is  dictated  by  a  master  equation.  Blven  for 
a  modest  system,  the  number  of  coupled  equa¬ 
tions  may  be  in  excess  of  10,000  which  makes 
the  direct  solution  of  the  master  equation  com¬ 
putationally  prohibitive. 

It  was,  therefore,  decided  to  simuiate  the 
process  instead.  The  state  of  the  system  at  a 
given  time  is  defined  by  the  integer  values  of 
a,b,p,  and  r.  The  various  types  of  reactive  ie.g., 
A  +  R)  and  diffusive  (e.g.,  transport  from  celi  j 
to  ceil;'+l)  events  form  competing  Poisson 
processes  in  the  sense  that  each  process  occurs 
with  a  characteristic,  first  order  rate,  which 
depends  on  the  number  of  relevant  particles  in 
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Figure  1,  Species  Distribuliona  for  Diffusion-Reaction  Model  at  0.2,  0.4,  and  0.6  ns.  Initial 
distribution  ofC^  =  S.6,  Cg  =  0,  Cp  -  0,  and  Cg  -  11.2  moled nm^  in  first  cell,  and  Cr  =  16,8 
molednm^  in  remainder. - A,  — -fl,  -  --  P,and  -ft, 


the  coll,  These  Hrst  order  rales  are  used  to 
generate  exponentially  distrlbutod  event  times 
for  each  cell.  The  minimum  such  time  is  taken 
to  correspond  to  the  first  event,  which  modifies 
the  state.  New  characteristic  rales  are  then 
calculated  and  now  event  times  generated  for 
those  cells  which  have  been  modified.  The 
outline  of  this  procedure  is  shown  in  the  flow 
diagram  in  Figure  2.  A  similar  method  has 
been  used  with  considerable  success  in  studies 
of  radiation  chemistry. 

The  results  are  shown  in  Figure  3.  As  can 
be  seen,  the  distributions  are  very  different 
from  the  deterministic  case.  This  difference 
arises  because,  in  the  simuiation,  both  of  the 
Initial  A  molecules  present  cun  react  indepen¬ 
dently  with  R  molecules  to  produce  P  mole¬ 
cules,  thus  precluding  reaction  (2)  and  the 
production  of  the  catalytic  H  molecule.  This 
leads  to  the  quenching  of  the  hot  spot.  The 
effect  is  absent  from  the  deterministic  case.  As 
a  check  that  the  two  methods  approach  tue 
same  limit  for  large  a,  runs  were  conducted 
with  an  excess  of  A  molecules  in  the  first  two 
grains  and  agreement  found,  within  statistical 
error,  between  the  two  models.  A  dir  net 
reaction  wave  is  now  generated  in  the 
stochastic  model  and,  although  somewhat 
broadened  by  statistical  effecls,  it  propagates 
at  approximately  the  same  speed  us  that  found 
in  the  deterministic  model. 


SETUP  INITIAL 
DISTRI6UTI0N 


CALCULATE  RATE 
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. .  i  . . 
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OENERATE  NEW 
TIMES  POR 
APPECTED  CELLS 
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rm  op\ 
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Figure  2.  Flow  Diagram  for  Stochastic  Model 

This  stochastic  model  is  crude  and  re¬ 
quires  improvement.  For  example,  at  present 
there  is  no  limit  to  the  number  of  molecules 
that  can  occupy  a  given  cell,  which  is  clearly 
unrealistic.  The  model  has  no  facility  to  deal 
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Figure  3.  Species  Distributions  for  Stochastic  Model  at  0,2,  0,4,  and  0,6  ns.  Same  initial 
distributions  and  markings  as  Figure  1 . 


with  thermal  conductivity.  Kinully,  and  in 
common  with  the  determiniHtIc  model,  no 
account  la  taken  of  momentum  transfer. 

This  is  not  the  first  time  a  stochastic 
technique  has  been  applied  to  detonations,^ 
but  the  spatial  dependence  has  not  been 
treated.  For  this  particular  model,  we  have 
demonstrated  that  stochastic  effects  are  signi¬ 
ficant  under  the  conditions  where  a  deter¬ 
ministic  description  would  load  to  propagation, 
and  can  lead  to  the  quenching  of  the  hot  spot. 
This  in  turn  means  that,  if  a  reaction  wave  is  to 
be  propagated  and  if  the  Individual  hot  spots 
are  small,  then  their  number  density  must  be 
higher  than  is  required  in  a  deterministic 
treatment 

KUMECHKMISTRY 

Much  effort  in  commercial  explosives 
research  is  expended  in  designing  explosives 
whoso  products  are  neither  combustible  nor 
toxic.  Such  explosivee  are  designed  for  use  in 
confined  spaces  or  where  there  is  a  risk  of 
further  combustion,  e.g.,  coal  mines,  in  design¬ 
ing  such  explosives,  a  detailed  survey  of  the 
elementary  reactions  that  occur  in  the  post- 
detonation  fume  is  required.  Data  from  such 
surveys  are  then  incorporated  into  large  kine¬ 
tic  models  based  on  standard  rate  theory. 

There  arc  u  number  of  weaknesses  in  this 
procedure,  not  least  of  which  is  that  the  kinetic 


data  used  in  such  models  are  often  obtained 
from  low  gas  density  experiments.  Many 
bimolecular  reactions,  and  especially  the  im¬ 
portant  class  of  metathesis  reactions,  show 
well  characterized  elmple  Arrhenius  or  curved 
Arrhenius  behavior  at  the  temperatures  and 
pressures  studied  in  the  laboratory.  The 
reactants  have  to  overcome  activation  barriers 
before  forming  products  and  the  reactions  are 
termed  "activation-controlled.”  At  the  high 
temperatures  and  pressures  encountered  in 
detonation  where  diffusion  is  comparatively 
alow  many  of  the  reactions,  and  especially 
those  with  small  or  moderate  activation 
barriers,  become  diffusion-controlled  with 
rotes  determined  by  the  dUllisive  approach  of 
reactants.  A  technique  is  required,  therefore, 
for  describing  the  transition  from  activation  to 
diffusion  control,  and  for  determining  rate 
constants  in  the  transitional  regime. 

The  transition  between  diffusion  and 
activation  control  may  be  Illustrated  by  the 
simplified  scheme'^ 

A-I-B^(AB)-!^C  (8) 

•-D 

whore  kj  is  the  (second  order)  rate  coefficient 
for  diffusive  approach,  k.d  is  the  rate  coefficient 
for  diffusive  loss  of  encountered  pairs  (AB),  and 
kA  the  rate  cooBlclent  for  the  activated  step  to 
form  the  product  C.  Pairs  must  encounter 


1196 


(11) 


before  reaction.  Application  of  the  steady  state 
approximation  for  (AB)  gives  a  second  order 
rate  coefficient  for  reaction  of 


(6) 


In  the  activation-controlled  limit  kx  4  k.o  and 
in  consequence  k2  kxko/k.D,  showing  that 
(AB)  is  in  equilibrium  with  A  and  B;  in  the 
diilVision-controlled  limit  k^  >  k.o  and  k2 
ko. 


This  picture  is  a  useful  illustraliont  but  in 
order  to  make  any  quantitative  predictions,  we 
need  to  have  a  theory  which  allows  us  to 
calculate  ko,  k.o,  bnd  kx  more  rigorously. 
Diffusion  theory  is  a  suitable  framework,  as  it 
enables  the  model  to  be  based  on  concentration 
gradients  or  pair  distribution  functions.  The 
pair  distribution  (Unction  for  A  about  B,  g(r), 
obeys  the  difhision  equation^ 


V*  D.  jVg  +  gVipUlJ  =  “  (7) 

where  U  is  the  potential  of  mean  force  and  P  =s 
1/kT.  g(r)  is  related  to  the  radial  distribution 
functions  given  by 

p(r)  =  4iir*g(r)  (8) 

To  calculate  a  steady-state  rate  coefficient,  we 
need  the  reactive  flux  from  the  steady-state 
radial  distribution  which,  for  an  isotropic 
system,  obeys  the  equation 


p(r)  is  the  solution  of  this  equation  subject  to 
appropriate  boundary  conditions.  A  reactive 
boundary  condition  which  has  a  broad  range  of 
validity  is  the  radiation  boundary  condition^ 


D 


apu)  2\\ 

Sr 

dr  ~  r  I) 

=  vp(R) 


(10) 


The  term  on  the  right  can  be  thought  of  as  a 
flux  through  a  sphere  of  radius  R,  with  a 
characteristic  "boundary  velocity*'  v,  corre¬ 
sponding  to  the  activated  step  to  form  products. 
The  outer  boundary  condition  is  a  natural 
boundary, such  that 


p(r)-+4nr^  asr-*® 

The  solution  of  these  equations  gives  the  radial 
distribution  function  modified  by  reaction,  and 
is  given  by 


r  p(r)  =  4nr*e“^ 

DeP^ 

4i 

'  r~*eP^dr 

vR»  J 

r  0  or 
k 

Del"' 

■  r-W 

R 

.vR» 

Now  in  the  limit  that  v  0,  there  is  no 
reaction,  and  we  obtain 

p(r)  «  4nr“e“^^  «  4nry(r)  =  p^(r)  (13) 

which  is  the  equilibrium  distribution,  as  might 
be  simulated  by  molecular  dynamics,  or  calcu¬ 
lated  fl'om  the  potential  of  mean  force. 

The  general  solution  for  k«|  (the  steady 
state  rate  coefBeient)  with  non'  zero  boundary 
velocity  is,  according  to  the  radiation  boundcry 
condition,  vp(r),  which  can  be  expressed  in 
terms  of  po(r)  (the  equilibrium  radial  distribu¬ 
tion  function  with  no  reaction). 


R 


pr^dr-f  ^ 


0 


vp,(R) 


(14) 


In  the  dliTuslon  controlled  limit  and 


which  is  a  modification  of  the  usual  formula,  to 
account  for  the  elTects  of  solvent  structure 
through  Po(r).  Ths  usual  formula  ignores  this 
effect,  setting  gu(r)  =  1 . 

Thus,  to  obtain  values  for  k««,  the  diffu¬ 
sion  coefficient  D  and  po(r)  (or  the  potential  of 
mean  force)  are  required.  Both  are  amenable 
to  simulation.  The  diffusion  coefficient,  for 
example,  can  be  determined  using  molecular 
dynamics.  To  do  this,  a  standard  molecular 
dynamics  code‘°  using  a  Lennard-Jones  12-6 
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potential  was  modiHed  to  calculate  the  dliTu- 
gion  coefficient  via  the  Bingteln-Smoluehowgkl 
relation,  i.e. 

<r’*>  =  6Dt, 

averaging  over  108  particles  and  300  time 
origins.  After  an  Initial  transient  period  the 
diffusion  coefTicient  may  be  calculated  from  the 
linear  dependence  for  (r^)  on  t.  Simulations 
were  performed  at  a  number  of  temperatures 
and  densities.  The  temperature  dependence  of 
the  diffusion  coefficient  is  illustrated  in  Fig¬ 
ure  4  for  Nil!,  with  a  molar  volume  of  4.6  x 
10*4  m3  giving  pressures  typically  in  tha  region 
of  100  MPa.  Further  work  is  in  progress. 


Figure  4.  Temperature  Dependence  of  Diffu¬ 
sion  Coefficient  for  N2  with  a  Molar  Volume 
4.Sxl0  »  m3 
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REACTIONS  IN  POROUS  SOLIDS:  ANALOGS 
AND  CONTRASTS  TO  DETONATION 
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r/iere  it  a  elau  mfnon-txplotivt  anergith  mattriaU  thai  undtrgo  rapid 
$hock-inductd  cl^mieal  nactiont,  but  who§«  products  contain  no 
vapor  that  ceoi/oCwr  a  rapid  cxparuion  upon  pretoure  rclcatc,  The 
pretent  papr-^  a  thermoehcmical  model  deccribing  »ueh 

rcactlom  in  let  mit  anahgouc  to  detonation,  By  contract,  however,  the 
chemical  energy  ie  converted  moetly  to  heat  rather  than  work  by  the 
shock  wave,  and  an  unsupported  reaction  wave  will  decay.  In  the 
absence  of  volatiles,  there  are  no  large  increases  in  pressure,  specific 
volume,  or  particle  velocity  associated  with  such  reactions,  Thus,  expe» 
rimental  methods  normally  applied  to  high  explosives  are  insensitive, 
and  time-resolved  temperature  measurements  are  the  most  appropriate. 
The  pressure-volume-veloeity  relalionshipe  are  strongly  dependent  on 
small  amounts  of  volatiles  (such  as  wplerl  when  present,  but  the  shock 
temperature  is  not.  Thermochemicafly,  the  possihility  of  a  sustained 
detonation  in  a  volatile -bearing  reaclics  powder  cannot,  be  precluded. 
By  the  same  arguments,  geochemical  detonations  in  volatile -saturated, 
supercooled  magmas  are  thermochemicaliy  possible. 


INTRODUCTION 

There  have  been  a  number  of  eilTorta  to 
study  the  problem  of  shock-initiation  of 
chemical  reactions  in  non-explosive  porous 
solids,  Qraham*  has  recently  pointed  out  that 
such  reactions  are  fundamentally  different 
from  either  high  explosive  detonations  or 
pyrotechnic  reactions.  The  controlling 
features  seem  to  bo  shock-induced  mixing, 
shock  activation,  configuration  change,  and 
heating.^ 

The  experimental  work  to  date  has  been 
dominated  by  studies  aimed  at  understanding 
shock-induced  chemical  synthesis  by  exami¬ 
nation  of  samples  recovered  from  exposure  to 
explosive  loading. Such  recovery  experi¬ 
ments  have  provided  evidence  for  the 
uniqueness  of  the  shock  environment  in  its 
ability  to  mix  and  activate  substituents, 
initiating  reactions  at  a  rate  commensurate 
with  that  of  shock  wave  propagation. 


Hugoniot  measurements  on  lead  nitrate/ 
aluminum,^  and  tln/sulfur  mixtures,^  have 
demonstrated  that  shock-initiated  reactions 
occur  at  a  rapid  enough  rate  to  affect  the 
pressure-volume  state  behind  the  shock  wave 
in  those  mixtures.  However,  those  experi¬ 
ments  have  the  drawback  that  they  are 
relatively  insensitive  to  the  amount  of 
reaction,  and  are  highly  sensitive  to  small 
quantities  of  volatile  impurities,  as  will  be 
shown  In  this  paper. 

Radiation  pyrometry  has  been  used  to 
measure  the  shock  temperatures  of  nickel/ 
aluminum'^  and  iron  oxide/aluminum  (ther¬ 
mite)  mixtures,^  providing  evidence  that 
shock-induced  exothermic  reactions  occur  in 
less  than  100  ns  in  those  materials.  However, 
there  is  some  ambiguity  as  to  whether  the  high 
temperatures  measured  in  those  experiments 
were  duo  to  chemical  reactions  or 
heterogeneous  deposition  of  irreversible  work. 
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More  recent  experiments^  heve  removed  the 
ambiguity  by  comparing  the  shock  tempera¬ 
tures  for  reactive  nick^l/aiuminum  to  those  for 
inert  pure  nickel  in  fine-grained  powders  that 
rapidly  achieved  thermal  equilibrium.  The 
moldel  presented  here  will  demonstrate  that,  in 
contrast  to  Hugoniot  measurements,  shock 
temperatures  are  very  sensitive  to  chemical 
reactions  and  insensitive  to  volatile  impurltief. 

There  have  been  several  efforts  at 
modeling  shock-initiated  chemical  reactions  in ' 
non-explosive  energetic  materials. These 
models  have  all  considered  the  kinetics  of  the 
reactions,  making  various  assumptions  as  to 
the  controlling  factors.  The  model  presented 
here  is  an  attempt  to  develop  a  description 
based  only  on  thermochemistry  and  shock 
wave  physios.  Ignoring  kinetic  aspects 
entirely.  The  present  model  assumes  only  that 
the  reaction  proceeds  rapidly  enough  that  .an 
equilibrium  state  can  be  defined  behind  the 
shock  wBve-a  possibility  suggested  by  the 
experiments  mentioned  above.  It  is  intended 
to  provide  a  conceptual  framework  to  which 
the  more  advanced  models  can  be  related;  an 
approach  similar  to  the  early  descriptions  of 
detonations  without  regard  for  chemical 
mechanisms. 

MIXING  MODEL 

If  we  consider  a  heterogeneous  mixture  of 
reactauls  Ai  and  products  Bi,  we  cun  write  an 
equation  for  a  shock-induced  chemicui  reaction 
uh: 

where  nui  and  nbi  are  the  number  of  moies  of 
reactant  i  and  product  i,  respectiveiy.  The 
specific  volume  of  a  multi-component  system 
with  a  uniform  stress  distribution  is  given  by: 

V  =  In,M,V,  (2) 

where  M|  and  V;  are  the  relative  molecular 
muse  and  spociHc  volume  of  component  i, 
respectively, 

To  determine  the  specific  volume 
dependence  on  Isentropic  pressure  (I^),  we  can 
use  Bridgman's  quadratic  equation: 


VAfo  =*  1  -(Ps/Kob)  + 

i(l-f-K'os)(Ps/Kos)®  (3) 

where  Vo  is  the  specific  volume  at  standard 
conditions,  Kqs  is  the  isentropic  bulk  modulus, 
and  K'os  is  its  first  pressure  derivative.  This 
quadratic  equation  is  only  accurate  for  pres¬ 
sures  at  which  the  strain  is  very  small  (less 
than  a  few  percent),  so  the  present  calculations 
are  limited  to  pressures  of  less  than  10  QPa.  A 
higher-order  finite  strain  theory  can  be  used  to 
describe  Isentropes  at  higher  pressures,  but 
would  introduce  unnecessary  complications 
into  the  mixture  theory  at  the  pressures  of 
interest  here. 

Summing  Equation  (3)  for  a  multi¬ 
component  system  in  Equation  (2)  results  in  a 
Reuse  aVerage  composite  bulk  modulus  and  its 
pressure  derivative  in  terms  of  those 
parameters  for  the  individual  components: 


*^08*  *^0s{  ^  *^081^*^081  ]  1  “*  *  (8) 

where  vi  is  the  initial  volume  fraction  of 
component  1, 

HUGONIOT  CALCULATIONS 

For  a  porous,  reactive  material,  the 
Rankine-llugonlot  equation  relating  the 
specific  internal  energy  on  the  Hugoniot  (Eh) 
to  that  of  the  initial  state  (Eq)  can  be  written: 

Eh-Bo*  -Q  +  iPH(Voo-V)  (6) 

where  Voo  is  the  initial  (porous)  volume, 
(Pii,V)  is  the  pressure- volume  state  on  the 
Hugoniot,  and  Q  is  the  heat  of  reaction.  The 
energy  along  the  principal  isentrope  of  a 
porous  xero-strength  solid  is  given  by 

Combining  Equations  (6)  and  (7)  together  with 
the  Mie-QrUneisen  approximation 

Eh-R8  =  (V/y)(Ph-Pb)  (8) 

gives  an  equation  for  the  Hugoniot: 
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V'')=(«+nyv+[i]p,)/ 

(Ivl-KVoo-V))'  (9) 

The  theoretical  Hugoniot  of  the  reactants  can 
be  determined  by  setting  Q  to  zero  and 
inverting  Equation  (3)  with  parameters  taken 
from  Equations  (4)  and  {6)  from  the  known 
material  properties  of  the  components,  and 
inserting  that  into  Equation  (9),  The  product 
Hugoniot  is  determined  in  the  same  way,  with 
Q  equal  to  the  appropriate  heat  of  reaction. 

THERMITE  HUGONIOTS 

For  thermite,  Equation  ( 1 )  can  be  written; 

FeaOa  +  2A1  AlaOa  +,  2Pe .  (10) 

The  elastic  constants  have  been  calculated’^ 
using  Equations  (4)  and  (6)  with  ultrasonic 
data  for  hematite,  aluminum,  and  alumina, 
and  shock  wave  data  for  liquid  iron  (since  the 
products  are  in  the  liquid  state).  A  QrOneisen 
parameter  was  also  determined  for  each  mix¬ 
ture  from  a  masi-fVaction-weighted  average  of 
the  experimental  values  for  the  components.”’ 
This  method  has  been  shown  to  be  inaccu¬ 
rate,’^  but  is  a  reasonable  approximation  for 
the  present  calculations.  Those  calculated 
parameters  for  the  thermite  reactants  and 
products  are  listed  in  Table  1 . 


Table  1 .  Thermite  Equation  of  State  Parameters 


Paramoter 

Reactants 

Products 

Initial  Density 
(Pfl,  g/cm®) 

4.249 

4.164 

initial  Specific 
Volume  (Vo,  cm®/g) 

0.2363 

0.241 

Zero  Pressure 

Bulk  Modulus 
(KoB,OPa) 

122 

197 

Pressure  Derivative 
ofKo8(K*08) 

6.66 

6.2 

ZeroPresst  ) 
Qrtineisen 

Parameter  (yo) 

2.08 

1.7 

Because  the  thermite  product  Hugoniot  is 
at  high  temperature,  the  reference  isentrope 
Pg  used  in  Equation  (9)  was  centered  on  the 
liquid  side  of  the  melting  point  of  alumina  at 
1  atmosphere  and  2312  K.  This  requires  that 
the  heat  of  reaction  used  in  Equation  (9)  be 
reducod  by  the  enthalpy  required  to  heat  the 
product  mixture  from  standard  conditions  to 
2312  K,  including  melting  and  other  phase 
transformations,  This  calculation  results  in 
Q  a  -1.9x10^  J/kg.’”  The  calculated  Isnntropes 
and  families  of  porous  Hugoniots  for  thermite 
reactants  and  products  are  plotted  in  Fig¬ 
ures  1  and  2,  respectively.  The  "anomalous 
Hugoniot"  (positive  P-V  slope)  for  50  percent 
porous  reactant  is  due  to  large  thermal  pres¬ 
sure,  as  described  by  Zel'dovich  and  Raizer.’'^ 


Figure  i.  Calculated  Reactant  Isentrope  and 
Family  of  Calculated  Reactant  Hugoniots  for 
Porous  Thermite  Centered  on  Standard  Con¬ 
ditions,  Labeled  With  Respectiue  Porosities, 


Figure  2.  Calculated  Product  Reference 
Isentrope  and  Family  of  Calculated  Product 
Hugoniots  for  Porous  Thermite  Centered  on 
Standard  Conditions  Plus  Heat  of  Reaction 
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To  make  eomparisong  to  experimental 
shock  wave  data,  a  more  useful  way  to  repre¬ 
sent  the  Hugoniots  is  in  the  pressure-particle 
velocity  plane.  The  Rankine-Hugoniot  equa¬ 
tions  can  be  used  to  write  the  particle  velocity 
(u)  in  terms  of  P  and  V; 

u  =VP(Voo-V)  (11) 

This  equation  was  used  to  transform  the 
reactant  and  product  Hugoniots  for  60  percent 
porous  thermite  to  the  P-u  plane.  Figure  3 
shows  that  the  pressure  on  the  product 
Hugoniot  is  about  10  percent  greater  than  that 
on  the  reactant  Hugoniot  at  a  given  particle 
velocity.  Similarly,  the  particle  velocity  is 
about  6  percent  greater  on  the  reactant 
Hugoniot  compared  to  that  on  the  product 
Hugoniot  at  the  same  shock  presoure.  This 
observation  implies  that  experimental 
attempts  to  measure  the  reaction  by  per¬ 
forming  Hugoniot  measurements  are  bound  to 
be  complicated  by  the  large  uncertainties  that 
are  inherent  for  porous  solids.  Similarly,  the 
time-resolved  particle  velocity  measurements 
often  applied  to  high  explosives  will  also  be 
insensitive  to  shock-initiated  reactions  in  non¬ 
explosive  solids. 

"HEAT  DETONATIONS” 

For  reaction  rates  that  are  finite,  but 
rapid  enough  to  go  to  completion,  the  shock 
wave  will  first  achieve  a  state  on  the  reactant 
Hugoniot.  After  the  reaction  goes  to  completion 


Figure  3.  Calculated  Reactant  and  Product 
Hugoniots  for  50  Percent  Porous  Thermite 


the  state  behind  the  shock  wave  must  lie  on  the 
product  Hugoniot.  It  is  well  known^^  that  a 
steady  wave  can  only  reach  states  intersected 
by  the  Rayleigh  line,  as  illustrated  in  Figure  4 
for  a  shock  wave  propagating  into  60  percent 
porous  thermite.  Since  (he  product  Hugoniot  is 
steeper  than  the  Rayleigh  line  at  all  possible 
points  of  intersection,  an  unsupported  reaction 
wave  will  always  decay.^^ 

Such  shock-induced  reactions  are  not 
detonations  in  the  conventional  sense,  because 
the  products  are  not  in  the  vapor  phase  and 
high  pressures  cannot  be  sustained  upon 
expansion.  However,  examination  of  Figure  4 
demonstrates  that  this  type  of  reaction  is  the 
thermochemical  equivalent  of  an  overdriven 
detonation.  The  term  *'heat  detonation”  can  be 
used  to  make  the  important  distinction 
between  these  shock-initiated  reactions,  which 
rely  on  processes  proceeding  at  the  rate  of  the 
shock  wave,  and  gasless  combustion,  which  is 
controlled  by  the  thermal  and  mass  transport 
properties  of  the  reacting  material. 

HEATING  EFFICIENCY 

Cne  way  to  make  a  comparison  between 
heat  detonations  and  explosive  detonations  is 
to  (‘fifino  a  quantity  called  the  "heating 
efficienvy.”  The  work  eiRclency  has  been  used 
to  describe  the  net  amount  of  energy  that  can 
ideally  be  converted  to  work  from  th*  heat  of 
reaction  of  a  detonating  explosive.^^  'fQ  is  the 

10 
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Figure  4.  Calculated  Reactant  and  Product 
Hugoniots  for  50  Percent  Porous  Thermite  and 
Rayleigh  Line  Which  Defines  States  Connected 
by  Steady  Reaction 
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heat  of  reaction^  and  Vf  is  the  final  specific 
volume  of  the  reaction  products  after  complete 
isentropic  release,  then  the  work  efficiency  is 
defined  as 

w  =  (|^‘’Pgdv-iu=*)/|Ql.  (12) 

By  analogy,  we  can  define  the  heating 
efllci^ncy  as  the  fraction  of  the  boat  of  reaction 
that  Ideally  remains  in  the  reactants  after  they 
have  isentropically  released  to  zero  pressure 
(hs  1-w).  In  Table  2,  the  calculated  work  and 
heat  eniciencies  for  two  explosives^^  are  com¬ 
pared  to  those  for  60  percent  porous  thermite 
shocked  to  lOQPu.  The  >100  percent  heat 
efficiency  for  the  thermite  indicatos  that  some 
of  the  work  associated  with  shock  compression 
is  converted  to  heat  along  with  all  of  the 
chemical  energy. 


The  temperature  on  the  Hugoniot  can  be 
found  by  integrating  Equation  (13)  and 
dE  ~  TdS = PdV,  setting  dV = 0: 


These  equations  can  be  solved  In  simple  form 
for  the  shock  temperature  if  Cv  and  y/V  are 
both  assumed  to  be  constant; 


*0 


+  T„,.xp[^(v,„-V)j.  (16) 

0 

Post-shock  temperatures  can  be  determined 
from  the  equation; 


Table  2.  Work  and  Heal  Efficiencies 


2Al/F0j|Oy 

Work 

Efficiency  (%) 

98 

76 

•29 

Heat 

Efnciency  (%) 

2 

26 

129 

Postshock 
Temperature  (K) 

374 

1694 

4600 

SHOCK TEMPERATURES 

The  temperatures  ulong  an  isenlrope  are 
determined  by  integrating  the  differential 
equation  obtained  by  substituting  MaxwelPb 
relations  and  the  definition  of  the  heat 
capacity  Cy  into  the  total  differenliul  of  S(T,V); 

TdS  =  CydT  +  (  ^  jyTdV  (13) 

with  dS  =  0.  For  an  isentrope  centered  on  a 
reference  stale  with  temperature  Tref  and 
volume  Vref,  the  temperature  is 


Figure  6  depicts  calculated  temperatures  for 
both  reactant  and  product  of  60  percent  porous 
thermite. 

Time-resolved  shock  temperature  mea¬ 
surements  hove  recently  been  performed  on 
porous  thermite  mixtures.*^  The  results  for 


PRESSURE  (GPa) 


rof 


exp 


reC 


V 


(14)  ^  Calculated  Temperatures  for 

Reactant  and  Product  Hugoniols  of  50  Percent 
Porous  Thermite 
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Table  3,  Shock  ,Temperatur«»  in  Porous 
Thermite 


Experiment  # 

Porosity  (%) 

48 

49 

Ph  (QPa) 

m2Qi 

3.9-4. 1 

Measured  Th(K) 

2800-2900 

Reactant  Th  (K) 

980 

910 

Product  Th(K) 

4270 

4200 

Percent  Reacted 
(%) 

61-70 

68-61 

two  experiment!  are  listed  in  Table  3.  The 
measured  temperatures  are  much  higher  than 
those  calculated  for  the  reactants,  but  are  also 
signiflcantly  less  than  those  calculated  for  the 
products,  implying  that  the  reaction  was  not 
complete.  A  first-order  estimate  of  the  amount 
of  reaction  can  be  made  by  linearly  interpolat¬ 
ing  between  the  two  temperature  calculations. 
A  more  accurate  determination  of  the  amount 
of  reaction  would  require  that  phase  transi¬ 
tions  and  variable  specific  heats  are  taken  into 
account,  an  effort  beyond  the  scope  of  the 
present  paper. 

EFFECT  OF  VOLATILES 

Thus  far,  all  calculations  have  been  based 
on  the  assumption  that  there  are  no  volatile 
impurities  in  the  mixed  powders.  Since  many 
of  the  reactive  powders  that  have  been 
examined  experimentally  have  small  grain 
sizes  (approximately  1  pm),  and  consequently 
large  specific  surface  areas  (about  10^  cm^/g  for 
smooth  spherical  particles),  the  possibility  of  a 
significant  amount  of  surface-adsorbed  water 
and  other  volatile  impurities  cannot  be 
ignored.  A  monolayer  of  water  adsorbed  on 
such  a  powder  (about  10*^  molecules/cm^) 
amounts  to  about  0.1  percent  of  the  mass. 
Signifleant  surface  roughness  or  grain  aspect 
ratios  will  give  rise  to  even  greater  surface 
areas  and  amounts  of  impurities. 

When  the  mass  of  a  volatile  impurity  is  a 
small  fraction  of  the  total  mass,  the  resulting 
Hugoniot  can  be  calculated  by  determining  a 


first-order  correction  to  the  Hugoniot  of  the 
pure  powder.  The  family  of  equations  of  state 
of  the  mixture  for  various  impurity  mass 
fractions  (m)  can  be  expressed  as  the  specific 
volume  as  a  function  of  the  intrinsic  variables 
and  of  m: 

V(P,T,m)  =  V®(P,T) 

■»-m[V'(P,T)  - V®(P,T)]  (18) 

where  V**  and  V  are  the  specific  volumes  of  the 
pure  phase  and  the  impurity,  respectively.  The 
family  of  Hugoniotscan  be  written  similarly; 

V„(P,m)  =  V^iP.T^) 

•f  m(V'(P,T„)- V”(P,T„)1  (19) 

where  the  shock  temperature  depends  on  m. 
The  partial  derivative  can  be  written  as 


+  V'(P,T„)  -  V“(P,T„)  (20) 

plus  terms  of  order  (m).  This  derivative  can 
be  inserted  into  the  first  order  expansion 

V„(P,m)=  V®(P)  +  m(~)p  (21) 

to  get  the  correction  to  the  mixed  Hugoniot. 
The  following  approximation  can  be  made: 

m(-“jp-Tj5-TH=AH/Cv-mQ/Cv  (22) 

where  Th  is  the  shock  temperature  of  the 
pure  mixture,  Q  is  the  heat  of  reaction,  and  Cy 
is  the  specific  heat  of  the  total  mixture 
(including  the  impurity),  which  can  be 
approximated  by  that  for  the  pure  mixture  for 
smell  m.  Implicit  in  these  calculations  is  the 
assumption  that  the  volatile  component  is 
chemically  inert.  If  any  significant  reaction 
takes  place  between  the  volatile  component 
and  the  thermite  products,  additional  terms 
are  required. 
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We  can  also  make  the  approximation; 

av“  \ 

—  Va  =  YCv/K,p«-YC^,/Kg 
H 

=“VCv/(K^g  +  PKog)  (23) 

and  for  V  >  >  V“  we  can  write 
V„(P,m)«(l-m)Vj,(P) 

+  m  I  Qy  /  (Kjjg  +  PKog)  -f  V(P,Tj,)  | .  (24) 

Equation  (24)  can  be  solved  for  water-bearing 
thermite  by  using  the  previously-determined 
thermite  Hugoniots  for  V‘’h(P)  und  the 
Bakanova,  et  al.^*  equation  of  state  of  water 
for  V'(P,Th),  which  is  a  fit  to  porous  ice 
Huguniot  data  with  final  (P,T)  states  in  the 
same  range  as  those  of  interest  here.  The 
resulting  family  of  ilugonlots  is  plotted  in 
Figures  6  and  7. 

From  Figure  6  it  can  bo  seen  that,  fur 
certain  combinations  of  initial  porosity  and 
volatile  mass  fraction,  a  Rayleigh  line  can  be 
found  that  is  tangent  to  the  product  Hugoniot. 
This  fact  indicates  that  a  sustained  detonation 
is  thermochcmicaily  possible  under  those  cir¬ 
cumstances,  As  shown  earlier  for  porous  dry 
thermite,  the  shock-induced  reaction  can  be 
described  as  an  overdriven  detonation  that  will 
decay  when  unsupported,  because  the  product 
Hugoniot  is  always  steeper  than  the  Rayleigh 
line.  By  contrast,  the  Rayleigh  line  is  steeper 
than  the  water-bearing  thermite  product 
Hugoniot  below  a  given  pressure.  If  this 
pressure  is  greater  than  that  required  for  rapid 
shock-induced  release  of  chemical  energy,  the 
sustained  detonation  will  take  place. 

The  purpose  of  Figure  7  is  to  show  that 
measurements  in  the  P-u  plane  are  highly 
sensitive  t<>  volatile  content,  and  attempts  to 
determine  umounts  of  reaction  from  pressure 
or  particle  velocity  measurements  are  subject 
to  very  large  errors  unless  the  volatile  content 
is  precisely  known.  On  the  other  hand,  the 
lempcraturo  Is  influoncod  by  the  impurity,  to 
first  order,  only  to  the  extent  that  the  heat  of 
reaction  is  reduced  by  an  amount  proportional 
to  the  mass  fraction,  as  noted  in  Equation  (22). 
Thus,  only  shock  temperature  measurements 


can  provide  an  accurate  determination  of  the 
amount  of  reaction  that  takes  place  under 
shock  loading, 

GEOCHEMICAL  DETONATIONS 

The  observation  of  rapid  Bhock'induced 
chemical  reactions  in  solids,  combined  with  the 
fact  that  small  amounts  of  water  or  other 
volatiles  can  control  tho  ability  of  a  reactive 
mixture  to  detonate,  has  imporUnt  implica¬ 
tions  for  earth  scienOo,  Kusnetsov^^  outlined  a 
sot  of  criteria  required  for  a  detonation  to  take 
place  due  to  a  single-component  phase  ,  trans¬ 
formation.  These  same  criteria  are  met  by  a 
supercooled,  volatile-saturated  magma.  One 
example  of  such  metastable  melts  is  described 
by  Burnham  and  Davis.*®’** 


Figure  0.  Family  of  Hugoniota  for  60  Percent 
Porous  Thermite  Containing  Various  Amounts 
of  Water 


PARTICLE  VELOCITY  (KM/SEC) 


Figure  7.  Pressure-Particle  Velocity  Diagram 
for  Water-Bearing  Thermite  Hugoniots  in 
Figure  6 
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The  existence  of  phenomena  akin  to  vol¬ 
canic  detonations  has  been  invoked  throughout 
history  to  explain  structures  now  known  to  be 
impact  craters, Once  the  importance  of 
hypervelocity  impact  was  recognized,  argu¬ 
ments  involving  natural  detonations  were 
dismissed,  and  volcanic  eruptions  are  now 
considered  to  be  decompression  events  in  all 
cases.  However,  there  is  still  significant 
controversy  surrounding  the  origin  of  certain 
cryptoexplosion  structuros,  which  are  geologic 
features  suggestive  of  rapid,  catastrophic 
(explosive)  formation,  Explanations  based  on 
internally-generated  shock  waves  remain  in 
the  literature.  Kor  example,  the  Vredefort  ring 
structure  in  South  Africa  contains  rocks  that 
appear  to  have  experienced  two  separate 
events  of  shock  dcfoi  mation.^^  The  improba¬ 
bility  of  two  impacts  at  the  same  location  has 
led  to  the  hypothesis  of  an  internal  shock 
source  for  this  formation.  This  hypothesis  is 
supported  by  the  observation  of  anomalous 
orientations  of  shatter  cones  at  the  slte.'^'^ 

The  most  famous  debate  between  impact 
versus  Internal  sources  of  shock  waves  con¬ 
cerns  the  66  million  year-old  boundary 
between  the  Cretaceous  and  Tertiary  geologic 
periods.  The  mass  extinctions  that  took  place 
at  that  time  were  attributed  by  Alvarez  and 
others^**  to  the  hyporvelocity  impact  of  a  large 
extraterrestrial  body  which  left  measurable 
traces  of  iridium  and  other  rare  elements  in 
the  boundary  clays.  'Phis  hypothesis  gained 
strong  support  uiXer  the  discovery  of  shocked 
quartz  grains  at  the  same  boundary. 
However,  there  are  stiil  a  smali  number  of 
workers  who  beiieve  that  shock  features  in 
quartz  can  be  volcanically  generatod,^^  and 
that  the  Crotuceous-Tortiury  event  can  be 
attributed  to  volcanic  eruptions. 

It  has  even  been  suggested  that  the 
May  18, 1980  eruption  of  Mt.  St.  Helens  was 
triggered  by  some  type  of  natural  detunation.^^ 
This  Idea  was  based  on  seismic  features  that 
rosomblo  those  generated  by  un  explosion  at 
depth,  However,  because  of  timing  uncer¬ 
tainties  and  lack  of  complete  seismic  coverage, 
'.here  are  other  interpretations  that  are 
consistent  with  these  dutu.'^'^ 


Hypotheses  that  have  invoked  internally- 
generated  shock  waves  have  largely  been 
ignored  because  a  reasonable  physico-chemical 
mechanism  for  yolcanically-generatod  shock 
waves  has  never  been  proposed.  To  determine 
wliether  such  a  detonation  is  thermo- 
chemically  possible,  the  product  Hugoniot  for 
a  supercoolod,  water-saturated  magma  was 
calculated  in  a  manner  similar  to  that  for  the 
thermite.  For  simplicity,  the  magma  was 
taken  to  consist  of  pure  albito  (NaAISiaOo). 
The  extensive  thermodynamic  data  on  the 
albite-water  system  at  h^h  temperatures  and 
pressures  were  used.^  **  The  product 
Hugoniot  for  water-saturated  albite  melt  ini¬ 
tially  at  Ps  0.1  OPaand  Ta873  K  is  plotted  in 
Figure  8.  If  a  Chapman-Jouguet  detonation 
takes  place,  the  C-J  pressure  is  only  about 
0,6  QPa,  which  is  very  much  lower  than 
pressures  normally  achieved  by  a  detonating 
high  explosive.  Since  the  product  Hugoniot  is 
dominated  by  the  equation  of  state  of  water,  it 
is  unlikely  that  slgninoantly  higher  shock 
pressures  could  be  attained  with  more  realistic 
melt  compositions,  The  calculated  detonation 
pressure  is  also  not  a  strong  function  of  the 
initial  state.  Moreover,  when  the  shock 
pressure  exceeds  some  value  well  below  10  QPa 
the  equilibrium  Hugoniot  corresponds  to  the 
liquid,  and  the  thermochemicul  possibility  of 


detonation  is  lost. 

A  A  - - -  ■  .  -  -  .  ■ 

V  Product  Hugoniot 
\  96.6  Wt%  Albite  (Cryitili) 

?  OS- 

\  4,4  Wt%  Water  (Vapor) 

a 

*C-J  Point' 

E  0.4- 

V 

E  o.a- 

0.0- 

Rayleigh  — 

Una  ^  Iplf Ini  (Liquid) 

0.40  0.4B  O.BO  OM 

SPECIFIC  VOLUME  (om’/g) 

Figure  8,  Calculated  Hugoniots  for  Reactant 
and  Product  of  Yfater ‘Saturated  Undercooled 
Albite  Melt.  Rayleigh  line  indicates  steady 
Chapman-Jouguet  detonation. 


1206 


According  to  these  calculations,  the 
pressures  required  to  generate  planar  features 
diagnostic  of  shock  deformation  in  quarts 
(10  OPa)^^  cannot  be  reached  in  a  geochemical 
detonation,  so  an  internal  cause  for  the 
CretaceouS'Tertiary  event  can  be  eliminated. 
On  the  other  hand,  such  detonations  cannot  be 
precluded  on  the  basis  of  thermochemistry,  and 
the  implications  for  cryptoexplosion  structures 
and  explosive  volcanism  cannot  immediately 
be  dismissed. 

While  geochemical  detonations  are 
thermochemically  allovtred,  there  are  serious 
questions  as  to  whether  they  are  klnetically 
possible.  Since  the  concurrent  crystallisation 
and  volatile  exsolution  required  for  geo¬ 
chemical  detonations  cannot  occur  without 
extremely  rapid  chemical  transport,  normal 
diiTusion  is  out  of  the  question.  Instead,  high 
strain-rate  shock-induced  shear  transport,  as 
described  by  Dremin  and  Breusov,^^  is  neces¬ 
sary,  The  fkct  that  significant  reaction  takes 
place  in  less  then  a  microsecond  in  reactive 
powder  mixtures  implies  that  such  transport 
can  and  does  take  place  under  some  conditions. 
Whether  or  not  a  water-saturated  supercooled 
silicate  melt  meets  the  requirements  can  only 
be  determined  experimentally, 

SUMMARY 

A  thermochemicul  model  has  been 
applied  to  shock-induced  chemical  reactions  in 
porous  solids.  When  the  products  consist  of 
condensed  phases  only,  the  reaction  front  is 
thermochemically  identical  to  an  overdriven 
detonation.  To  distinguish  this  type  of  reaction 
from  a  conventional  explosive  detonation,  the 
term  "heat  detonation"  has  been  applied.  This 
term  is  also  descriptivo  in  the  sense  that  the 
chemical  energy  is  converted  mostly  to  heat 
rather  than  work,  as  is  the  case  for  detonations 
in  explosives.  The  "heat  efficiency"  was 
defined  by  analogy  to  work  efficiency  in  an 
attempt  to  quantify  this  dilTerenco. 

Conventional  Mugoniot,  pressure,  and 
particle  velocity  measurements  are  insensitive 
to  shock-induced  chemical  reactions  when  the 
products  do  not  include  vapor  phases.  The 
experimental  technique  most  sensitive  to  such 
reactions  is  the  measurement  of  shock  tem¬ 
perature.  The  addition  of  a  volatile  impurity 


has  a  disproportionately  large  effect  on  the 
Hugoniot,  but  a  small  effect  on  the  tem¬ 
perature,  so  Hugoniot,  pressure,  and  particle 
velocity  measurements  are  subject  to  impurity- 
induced  errors,  whereas  temperoture  mea¬ 
surements  are  not.  Moreover,  a  sustained 
detonation  can  become  thermochemically  pos¬ 
sible  when  reactive  powders  contain  a  volatile 
component.  The  same  type  of  mixing  model 
that  can  determine  the  conditions  required  for 
detonations  in  volatile-bearing  reactive 
powders  predicts  the  possibility  of  geochemical 
detonations  in  volatile-saturated  supercooled 
silicate  melts.  This  latter  possibility  has 
significant  implications  in  earth  science. 
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GASLESS  COMBUSTION 

Wh«n  ■  mixturt  of  fin*  Iron  oxld*  and  aluminum  Is 
IgnlMd,  It  r*aoti  to  form  aluminum  oxld*  and  Iron, 
producing  anough  haat  In  th*  prooais  to  Ignit* 
adjaoant  liyari  and  propagat*  a  raaotlon  front. 

This  front  movas  vary  slowly  (around  1  em/sM),  and 
Is  llmitad  by  haat  flow  and  oh*mlo*l  diffusion  ratas. 
This  prooosi  I*  analogoua  to  daflagration,  and  Is 
lomatlmas  oallad  'gsslass  oombusHon". 


Sohamatlo  staady  gaalaas  combustion 


HEAT  DETONATION 

Whan  tha  aam*  mixtur*  Is  subjactad  to  a  sufficiently 
strong  ihook  wave,  th*  raaotlon  can  taka  place 
without  haat  or  chemical  diffualon.  Th*  tamparatur* 
Inoraasai  by  shook  hasting,  and  the  ohamioal 
substltunnts  ar*  brought  togathar  by  high  *tr8ln*rat* 
shear  daformatlon.  Tha  resulting  raaotlon  front 
movas  at  tha  shook  valdbty,  and  Is  analogous  to  a 
detonation.  1b  cUstingulah  this  type  of  raaotlon 
from  an  axploaivb  detonation,  It  can  b*  oallad  a 
*h*st  detonation*. 


Sohamatlo  ataady  haat  datonatlon 


EXPLOSIVE  DETONATION 

An  ovardrivin  stssdy  datonatlon  wava  In  an  axploalv* 
la  diiwn  with  a  Raylaloh  Una  that  croaaas  tit*  product 
Hugonlot  iwlca,  bsoaus*  the  products  sr*  mostly 
vapor  and  axpand  to  a  voluma  much  graatar  than  that 
of  tha  Initial  itala.  The  work  don*  by  th*  products 
on  tha  aurroundinga  Is  proportional  to  th*  ara*  undar 
th*  product  ourv*.  Whan  unaupporlad.  th*  datonatlon 
will  decay  until  th*  Chapman-Jouguet  oonditlon*  *i*  mat. 


Sohamatlo  ovsrdrivan  axplosiv*  datonatlon 


HEAT  DETONATION 

Th*  RayMgh  Ins  for  a  haat  datonatlon  In  a  porous 
idd  ortly  Intartaots  th*  product  Hugonlot  at  ont 
point,  baoausa  th*  products  contsin  no  vspor  and 
they  expand  to  a  vokim*  lass  than  that  of  th*  Initial 
stats.  Th*  work  don*  on  th*  surroundings  Is  lass 
than  th*  work  from  th*  shook  wav*  Into  th*  system,  lo 
*1  of  the  haat  of  raaotlon  Is  ratsinad  by  th*  products. 

An  unsupported  wavs  wi  oontinu*  to  dsosy; 
Chapman-Jouguat  oonditlon*  sr*  navar  mat. 


Sohamatlo  haat  datonatlon 
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Shock  temporctur*  nrwaiuromcnts 
are  the  moat  appropriate. 


1b  datarmlna  which  axparimantal  approach 
Is  the  most  useful,  the  osiculateci  reactant 
and  product  Hugonlots  for  50%  porous  thermite 
are  plotted  In  various  planes.  The  variable 
that  Is  by  far  the  most  sensitive  to  the 
reaotion  is  the  temperature. 


Experimental  precisions  are  not  good 
enough  to  confidently  determine  the 
amount  of  thermite  reaction  from  data 
in  the  shock/particte  velocity  plane. 


At  a  given  pressure,  the  particle 
velocity  associated  with  the  product 
Hugonlot  is  B%  tower  Current 
experimental  techniques  cannot 
resolve  the  difference  with 
acceptable  precision. 


The  difference  In  volume  between  the 
two  Hugonlots  is  10%  of  the  total 
volume  change  upon  compression.  The 
amount  of  reaction  would  be  difficult 
to  resolve  from  data  plotted  in  this  plane. 


A  three  hundred  degree  uncertainty  in 
the  measured  shock  temperature  corresponds 
to  only  10%  of  the  difference  between 
the  two  calculated  Hugonlots.  These 
radiation  pyrometer  data  demonstrate 
that  60-70%  of  the  thermite  reacted  whert 
shocked  to  about  4  GPa. 


The  effect  of  porosity 
on  the  calculeted  Huponiots  is  large. 
Shock  temperature  measurements  are  best. 


The  thermite  reactant  and  product 
Hugoniots  were  recalculated  for  various 
Initial  poroaitles  to  determine  how 
porosity  affects  the  abilty  of  differertt 
measurement  techniques  to  resolve  the 
reaction.  Temperature  measurements  are 
least  sensitive  to  porosity. 


A 10%  difference  in  porosity  sNfts 
shock/particle  velocity  Hugoniots 
more  than  a  complete  chemical 
reaction  does. 


01  )  11 
PARTICLE  VELOCITV  (KM/SEC) 


The  shock  impedance  of  thei  mite  is 
a  much  stronger  function  of  porosity 
than  of  the  amount  of  reaction. 


Pressure/volume  Hugoniots  are 
strongly  affected  by  porosity. 


Below  10  GPa,  shock  temperature 
measurements  ere  relatively 
insensitive  to  porosity. 


PflESSUHB  iOPl) 
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The  role  of  volatile  Impurities 
on  the  Hugoniots  Is  disproplortionate. 
Shock  temperatures  are  least  affected. 


Hugoniots  were  also  recalcuiated  for 
thermite  containing  up  to  3%  of  water 
(by  weight).  Only  shock  temperature 
measurements  remain  a  good  option  for 
observing  the  reaction  In  real  time. 


A  3%  amount  of  water  translates  the 
pressure/particle  velocity  Hugonlot 
as  much  as  a  complete  reaction  does. 


The  effect  of  small  amounts 
of  water  on  shock  temperatures 
is  negligible. 


Volatiles  have  a  small  effect  on 
ahod(/particle  velocity  Hugoniots, 
but  the  curves  are  too  dose 
together  for  good  resolution. 


Specific  volumes  are  greatly 
inaeased  for  water-bearing  thermite, 
particuiarly  at  low  shock  pressures. 


Volatile-controlled  detonations 


The  addition  of  a  volatile  component 
gives  rise  to  a  reaction  product  in 
the  vapor  phase,  end  allows  the 
possibility  of  an  expbsive  detonation 
controiled  by  rapid  shock-induced 
solid  stats  chemical  reactions. 


•  -  A 
t  -  B 


High  strain-rate  shear  transport 
takes  the  place  of  diffusion. 

Nucleation  and  growth  of  phases 
can  occur  on  sub-microsecond 
time  scales  (Dremin  end  Breusov,  1968). 


Geochemical  detonations 


The  detonation  of  a  supercooled, 
water-saturated  silicate  melt  is 
thermochemically  equivalent  to  that 
of  a  porous  reactive  solid  with  a 
water  impurity.  The  shock-induced 
crystallization  and  steam  exsolution 
require  the  same  kind  of  Ngh  strain- 
rate  shear  transport  that  controls 
the  heat  detonations. 


When  water-saturated  albite  (NaAISigOg) 
melt  at  873  K  and  0.1  GPa  is  shocked, 
and  the  state  acheived  is  in  chemical 
equilibrium  (albite  crystals  and  steam), 
a  Chapman-Jouguet  detonation  can  take 
place.  The  detonation  pressure  is 
dominated  by  the  water  equation  of  state, 
so  pressures  reached  by  detonations  in 
other  silicate  melts  will  be  similar. 


Implications  of  geochemical  detonations 

Explosive  volcanic  activity  caused  by 
a  rapid  pressure  rise  due  to  a  sudden 
release  of  chemical  energy  has  been 
suggested  in  attempts  to  explain  a 
number  of  observations  in  earth  science. 

Caiculations  based  on  conventional 
detonation  theory  provide  upper  bounds 
to  pressures  and  rates  associated  with 
the  release  of  chemical  energy. 


CRYPTOEXPLOSION  STRUCTURES 
Most  "cryptoexplosion  structures"  are 
attributed  to  meteorite  impact.  However, 
rocks  from  the  Vredefort  structure  in 
South  Africa  show  evidence  of  having 
experienced  two  separate  shock  events 
(Lilly,  1981).  The  low  probability  of 
two  impacts  at  the  same  location  points 
toward  an  internally-generated  shock. 


nn  iiDi 


"You'r*  klddlngl ...  I  wii  itruek  twie*  by 
llghtnlna.  tool" 


EXPLOSIVE  VOLCANISM 
The  magnitude  5.0  earthquake  that  triggered 
the  massive  landslide  leading  to  the  8:32  am 
May  18, 1980  eruption  of  Mt.  St.  Helens  had 
seismic  features  suggesting  an  underground 
explosion:  the  lack  of  azimuthal  dependence 
on  P-wave  polarity,  positive  first  motion,  and 
a  very  weak  S  wave  (Kanamorl  et  al.,  1984). 
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CRETACECXJSntRTIARY  EVENTT 
Shock  features  in  quartz  grains  from 
the  Creteceous/Tertiary  boundary  have 
provided  the  most  convincing  evidence 
for  an  impact  as  the  cause  for  mass 
extinctions  65  mWon  years  ago.  A 
shock  wave  from  a  geochemical  detonation 
would  be  too  weak  to  generate  these 
features,  which  require  10  GPa  (Horz,  1968). 


Etched  quartz  grain  recovered 
from  explosive  loading  to  16  GPa 
by  Cygan  and  Boslough  (1989). 


REFERENCES 


1.  Boslough,  M.B.,  J.  Chem.  Phyt.  (submitted,  1969). 

2.  Cygaa  R.T.  and  Boslough,  M,B.  (unpubllshad,  1969), 

3.  Dremin,  A,N.  and  Breusov,  O.N„  Russian  Chemical 
Reviews  37  (1966). 

4.  Horz,  F.,  in  ‘Shock  Metamorphism  pf  Natural 
Materials*,  edited  by  French,  B.M.  and  Short, 

NM.,  Mono,  Baltimore,  1966. 

5.  Kanamorl,  H.,  Given,  J.W.  and  Lay,  T. 

J.  Geophys.  Res.  67, 1666,  (19S4). 

6.  Lilly,  PA..  J.  Geophys.  Res.  66, 10689,  (1981). 


REACTIVE  MODEUNG  IN  SHOCK  INITIATION 
OF  HETEROGENEOUS  EXPLOSIVES 

M*  Quldot  snd  J.  Grouz 
Sooizte  Natlon«l«  dm  Poudrat  at  Bzplastli 
Cantra  da  Racharahaa  du  Bauahat 
91710  Vart-La-Patlt,  PRANCE 


A«  part  of  a  program  on  tho  ihoek  initiation  of  t»plo»io*$,  wdgo  toot 
•xporimonti  and  in  iitu  prttiur*  mtaouromonU  in  Lagrangian 
anatytii  havo  boon  invottigatod  for  dtiign  applieationo  in  oxplo§iv§ 
oyatomi  and  aafatyiviUnarability  waiuotiona.  The  reaction  rate  derived 
from  theee  experimenta  for  an  HMX  6a««d  coat  oared  PBX  umm  uaed  to 
compute  two-dimenaional  diverging  and  converging  detonationa. 
Compariaona  with  experimental  data  ora  diaeuaaed 


INTRODUCTION 

Raaetiva  modeling  in  thnek  initiation  of 
high  exploaivaa  can  ba  uaad  for  daiign 
appiieationa  in  axpiaiiva  ayatama  and  for 
aafaty  vulnerability  avaiuationa.  The  farmer 
eaaa  involvaa  raiatlva  high  praaauraa,  abort 
time  durationa  and  run  diataneaa  to  det¬ 
onation.  On  the  contrary,  the  later  it  generally 
eharaeteriaed  by  low  ahoek  preeaurea  long 
timea  and  diataneaa  to  detonation.  Wedge-teat 
experimenta  and  in  aitu  preaaure  maaaura- 
manta  have  bean  invaatigated  with  raapaot  to 
thaaa  appiieationa.  Wedge-tact  exparimente 
give  a  apaee-time  diagram  of  ahoek  and  det¬ 
onation  wave  and  timea  and  run  diataneaa  to 
detonation.  In  a  atudy  of  impaet  obliquity 
affect  in  thia  experiment  we  And  that  apaee 
time  diagranu  era  rolatively  inaccurate,  but 
tranaiUon  pointa  are  quite  well  defined.  &  we 
think  that  reaction  ratea  baaed  on  **pop-piot'’ 
are  quite  auflleient  for  buildup  to  detonation 
modoling  in  deaign  appiieationa.  However,  it  ia 
ineuflleient  for  aafaty  vulnerability  analyaia 
and  it  muat  be  completed  with  preaaure 
meaaurementa  at  low  ahoek  preaaurea  to  eval¬ 
uate  the  hot  apota  ignition  and  early  low 
preaaure  reaction  growth. 

In  thia  atudy,  wedge-teat  experimenta  and 
Lagrangian  analyaia  of  preaaure  meaaure¬ 
menta  have  been  performed  on  an  HMX-baeed 
caat-cured  PBX.  A  reaetion  rate  equation 


derived  from  theae  experimenta  haa  been  uaed 
in  DYNA  2D  code  (Reference  1)  in  order  to 
compare  two-dimenaional  ealculationa  with 
diverging  and  converging  experimenta. 

PROPERTIES  OF  THE  PBX 
STUDIED 

The  high  exploaive  compoaition  uaed  in 
thia  atudy  ia  an  HMX-baaed  caat-cured  PBX— 
86  percent  HMX,  14  percent  polyurethane 
binder,  denaity  1.71  i^em^  with  detonation 
velocity  8380  m/a  and  CJ  preaaure  30  OPa.  The 
equation  of  atate  for  detonation  producta  la 
determined  by  a  cylinder  teat  experiment  and 
HUOONIOT  for  the  unreacted  material  ia 
derived  from  light  gaa  gun  impact  experimenta 
with  preaaure  meaaurementa.  The  eoefflcienta 
for  JWL  equationa  of  atate  are  Hated  in  Table  1. 


TaMel.  JWL  CoefficienU 


UNRBACTBD 

PRODUCTS 

A  (Mbar) 

49.30 

6.96 

B  (Mbar) 

-1.66 

0.026 

Ri 

7.44 

4.4 

Ra 

3.72 

0.94 

w 

1.2 

0.43 

(Mbar) 

0.00938 

0.088 
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LAGRANGIAN  ANALYSIS  OF 
PRKSSURK  MKASURKMENTS 

A  hagrangian  analysis  of  pressure 
measurements  has  been  performed  at  a  low 
shock  pressure  and  is  described  in  Reference  2. 
A  90  mm  light  gas  gun  is  used  to  generate  a 
planar  sustained  shock  at  4.1  QFa.  Pressure 
profiles  were  recorded  with  embedded  man- 
ganin  -  constantan  gauges  at  five  Lagranglan 
locations:  0,  3.17i  6.17,  12.2,  and  15.2  mm. 
Numerical  integrations  of  conservation  laws 
along  path  lines  allow  the  calculation  of  other 
state  variables.  The  degree  of  reaction  and 
reaction  rate  can  be  calculated  with  classical 
assumptions  on  mixing  rules  for  solid  and  gas 
phases  and  equations  of  state  for  the  det¬ 
onation  products  and  unroacted  explosive. 
Reaction  rates  are  about  0.1  ps'‘  at  impact 
plane  and  .56  ps'*  at  the  distance  of  16  mm. 
We  Hnd  a  low  pressure  dependence  on  reaction 
rate.  Reaction  rate  at  high  pressure  (CJ 
pressure)  may  be  about  10  to  100  times  greater 
and  then  cannot  be  reasonably  obtained  from 
extrapolation  of  these  values.  Such  results 
have  been  shown  in  Reference  3.  So  reaction 
rates  deduced  from  these  experiments  may  be 
used  for  low  shock  pressure,  but  pressure 
dependence  must  bo  modlded  for  high  shock 
pressure. 

WEDGE  TEST  EXPERIMENTS 

The  experimental  arrangomonl  shown  in 
Figure  1  is  very  similar  to  the  wedge  test 
described  in  References  4  and  6.  A  10  mm 
thick  aluminum  plate  is  propelled  on  a  6  mm 
thick  aluminum  plate  which  supports  a  double 


Figure  /.  Wedge  Tett  Arrangement 


wedge  (20°  wedge  angle)  sample  to  be  tested. 
Two  rows  of  six  pins  are  used  to  measure  flyer 
plate  velocities  and  control  planar  shock.  The 
shock  front  moving  along  the  two  slant  faces  is 
recorded,  These  two  faces  are  covered  with  a 
O.OSmm  thin  aluminized  film.  Light  from 
pyrotechnic  flash  is  reflected  into  a  streak 
camera  until  the  shock  wave  arrival  occurs. 
Film  records  are  digitalized  and  space  time 
diagrams  of  the  shock  propagation  are 
obtained.  Experiments  were  performed  in  the 
range  of  6-10  QPa. 

NUMERICAL  EVALUATION  OF 
ERRORS  IN  WEDGE  TEST 

Results  from  wedge  test  experiments  are 
very  sensitive  to  non-plane  impact  due  to 
wedge  angle  P  which  is  small  to  ensure  ID  flow 
in  the  direction  of  Impact.  Two  dimensional 
reactive  calculations  have  been  performed  in 
order  to  evaluate  experimental  errors  in  this 
test.  Four  cases  with  constant  obliquity 
C  =  ±6  mrd  (calculations  a,  a'),  e  «  db  I6  mrd 
(b,b')  and  two  cases  with  obliquity  varying 
linearly  fbom  e  «  o  to  c  -  lO  mrd  (c)  and  h'om 
e  s  -10  mrd  to  c  »  0  (c*)  along  the  impact 
plane  have  been  realized.  These  values  are 
somewhat  high,  but  ensure  good  numerical 
evaluations  of  errors.  The  flyer  plate  velocity 
is  Vp  ~  1600  m/s.  To  allow  an  objective  and 
fine  definition  for  the  transition  point,  the 
space  time  diagram  of  the  shock  propagation  is 
fitted  by  a  least-squares  4th  B-splines  with 
three  optimi/ed  knots  (e  g.,  see  Reference  6) 
corresponding  to  the  acculoration,  transition 
and  steady  detonation  regions.  Following  the 
donnilion  by  Dick  in  Reference?,  the  transi¬ 
tion  point  is  defined  as  the  point  where  the 
acceleration  is  maximum  and  then  is  equal  to 
the  second  optimized  knot.  Results  of  calcula¬ 
tions  are  summarized  in  Table  2.  Space  time 
diagrams  and  shock  velocity  vs.  distance  from 
the  impact  plane  calculated  on  the  slant  face  of 
the  wedge  arc  shown  in  Figures  2  and  3. 
Results  point  out  that  the  run  distance  to 
detonation  is  not  modified  by  non  plane  shuck, 
but  that  the  time  to  dutonalion  and  the  shock 
(and  steady  detonation)  velocity  depends  on 
obliquity. 

Assuming  a  ID  propagation  shuck  wave, 
errors  on  shock  velocity  can  bo  evaluated. 
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Table  2.  Distance  to  Detonation  x,  Time  to  Detonation  t  and  initial  Shock  Velocity  Uo 
Dependence  on  Non-Uniformity  in  Wedge  Teat 


X 

(min) 

error 

(%) 

t 

(mb) 

error 

(%) 

Uo 

(mm/ps) 

error 

(%) 

0(ref.) 

6.61 

1.274 

4.820 

a 

6.36 

-2.6 

1.183 

-6.3 

6.030 

4.3 

a' 

6.60 

-0.2 

1.323 

3.9 

4.640 

-3.7 

b 

6.60 

-0.1 

1.107 

-13.1 

6.440 

12.8 

b' 

6.68 

1.1 

1.462 

14.0 

4.370 

-9.4 

e 

6.41 

-1.6 

1.078 

-16.6 

6.690 

18.1 

c' 

6.66 

-0.8 

1.461 

13.9 

4.190 

-13.0 

Figure  2.  Non-Uniformity  Initiation  Effects  on 
Space  Time  Diagram  (a)  and  Shock  Velocity  vs. 
Distance  (b) 


Figures.  Space  Time  Diagrams 


With  thiii  UHHumptiun,  arrival  tlmo  on  Ihu  alant 
face  of  the  wudgu  at  u  diatancu  x  from  the 
impact  face  ia: 

IX  1 

—  +  =(X-x)/IkP) 

0  U(x) 

-At(y  =  X/tgP)  (1) 

where  U(x)  dertulea  the  ahock  velocity  function, 
At(y)  ia  the  iaochronic  defect  along  the  impact 
face  (see  Figure  1)  and  X  (=  ‘26  mm  in  the 
caiculationa)  ia  the  depth  of  the  wedge  sample. 
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Derivation  of  Equation  (1)  leadH  to  apparent 
shock  wave  (and  steady  detonation)  U'^(x)  as 
measured  on  the  slant  face  function  of  real 
shock  wave  velocity  U(x)  and  isochronic  defect; 


U*(x)- 


U(x) 


dM 

l-U(x)-7-/tgP 

dy 


(2) 


The  equation  shows  the  non-symmetric 
effect  of  non-plane  impact  and  that  common 
experimental  case  d^t/dy  >0  leads  to  apparent 
overshoot,  Shook  and  steady  delunatlon  veloc¬ 
ity  found  by  2D  calculations  compare  well— > 
within  1  percent  to  Equation  (2)— and  demon¬ 
strate  the  validity  of  ID  flow  assumption,  Our 
conclusions  from  this  study  are  that  shock 
velocity — and  shock  pressure  if  deduced  fl'om 
initial  shock  velocity—and  time  to  detonation 
are  sensitive  to  non-plane  shock  impact,  but 
that  run  distance  to  detonation,  If  objectively 
and  finely  defined,  is  independent  of  non- 
uniform  initiation, 

WEDGE  TEST  RESULTS 

The  run  distance  to  detonation  (mm)  - 
pressure  (QPa)  data  are  expressed  by  x  » 
208  p'^  '^^.  The  shock  pressure  is  calculated 
with  shock  IIUQONIOT  from  light  gas  gun 
Impact  experiments  (Table  1)  on  account  of 
previous  discussion  and  also  early  reactions  in 
the  shock  front,  A  Lee  and  Tarver*  model, 

~  =  lOO(,26-K)(p/p^^-l)^ 


■t  1000(1  -K)  ‘®‘k  *'^'p*  , 

with  the  geometric  function  deduced  from 
Lagrangian  analysis  cun  fit  reusunably  well 
these  results.  Space  time  diagrams  and  shock 
velocities  vs.  distance  back  to  the  transition 
point  for  5.3,  7.1,  8.3,  and  9.4  QPa  shock 
pressure  are  shown  in  Figures  3  and  4. 

DIVERGING  DETONATION 

A  mushroom-shupud  sample  us  described 
in  Itoreroncu  9  bus  been  used  to  study 
diverging  detonation.  The  sample  shown  in 


Figure  6  consists  of  a  cylinder  of  diameter  d 
(mushroom  stalk:  initiator)  which  detonates  in 
a  hemisphere  of  diameter  0  (mushroom  head: 
target).  This  detonation  wave  emergence  on 
the  hemisphere  surface  is  recorded  by  a  streak 
camera.  Experiments  with  d  =  10  mm  (0  s 

20,  30 .  60  mm),  d  =  20  mm  (0  &  30,  ..., 

60  mm)  and  d  -  30  mm  (0  »  4o,  60  mm)  have 
been  performed.  For  each  stalk  diameter,  the 
detonation  wave  arrival  times  can  be  plotted  as 
a  function  of  the  angular  location  a  or  the 
distance  x  from  the  initiated  plane  as  shown  in 
Figure  6. 


Figure  4,  Shock  Velocity  ve,  Common  Dintance 


i 


Figure  5.  Experimental  Arrangement  for 
Divergi  ng  Detonation 


For  a  30  mm  diameter  iniliulor  detona¬ 
tion  expands  radially  (Figure  7)  and  numerical 
results  are  in  good  agreement  with  experi¬ 
mental  measurements  as  shown  in  Figure  6. 
For  a  10  mm  diameter  initiation  detonation 
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Figure  6.  Diverging  Detonation  •  Kxperiment  ■ 

Calculation  •••  tor  d  ~  W  mm,  0  ^  20  mm . 

0  »  60  mm  (a)  and  d  =  30  mm,  0  -  40, , 
0  =  60  mm  (h) 

fails  initially  to  uxpund  radially  uh  shown  in 
Figure  8.  Numerical  resuIlH  and  experlmonlul 
meusuremenlH  indicate  both  u  non-detonuling 
region  a  z  60“  for  <ho  20  mm  diameter  target 
(Figure  6a).  Fur  the  uthera,  target  diametura 
exporimenta  indicate  that  the  extent  of  non- 
detonating  region  decreaaeH,  but  numerical 
results  do  not  reproduce  that  because  the  reac¬ 
tion  law  ia  likely  too  sensitive  to  rarefraction 
waves. 

CONVERGING  DETONATION 

The  experimental  arrangement  used  for 
converging  detonation  has  been  described  pre¬ 
viously  in  KeforenceH  10  and  11  and  is  shown 
in  Figure  9. 

Thu  outer  driving  explosive  (Dr  = 
8760  m/s,  Pej  =  36,6  QPa,  p,,  =  1.83  g/cm®) 
induces  an  overdriven  detonation  in  the  inner 


e 

Figure  7,  Diverging  Detonation,  d  =  30  mm, 
0  =  60  mm  •  Contourn  of  FresHure  (fi,  JO, 
25  CFu)  at  Tima  0.6  fin  (u),  1.4  (6),  2.25  ga 

to 

explosive  which  is  observed  for  diri’orent  run 
dislunco  with  u  streak  camera.  Moth  calcula¬ 
tions  and  experiments  indicate  a  (|uusi-stuady 
flow  beyond  u  distance  of  about  100  mm. 
Figure  II)  shows  experimental  detonation 
proHles  lor  62.3  mm  distances  and  calculated 
and  experimental  profiles  for  62.3  mm  are 
compared  in  Figure  10b.  Calculations  and 
experiments  are  also  In  agreement  for  greater 
distances  if  the  mesh  size  is  Hnu  enough.  The 
calculated  pressure  contours  in  Figure  10c 
shows  a  high  pressure  region  P  >  1.3  l\.j  in  the 
inner  explosive. 

DISCUSSION  AND 
CONCLUSIONS 

From  this  study,  wo  conclude  that 
''l*op”  plot  diagrams  from  wedge-test 
experiments  are  useful  to  calibrate  global 
reaction  rate  in  spite  of  non-uniformity  in 
initiation.  However,  complex  mechanisms  of 
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Figures.  Diverging  Detonation,  d  ^  10  mm, 
Si  s:  20  mm  •  Reactive  Front  at  0,5  fis  (a),  I  tie 
(b),  1.4  ti»  (c) 


Figure  9.  Experimental  Setup  for  Converging 
Detonation 
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Figure  10.  Converging  Detonation.  Experi¬ 
mental  Detonation  Profile  (a),  Calculated  and 
Experimental  Proftle  (b),  Preaaure  Contoura  (c) 
for  a  52. 3  mm  Distance 


shock  initialion  of  high  explouivo  cannot  be 
modeled  only  with  theue  kinds  of  results.  We 
have  not  yet  time  to  expand  a  complete 
reaction  rate  law  as  a  function  of  pressure  to 
reproduce  all  the  experiments  described  in  this 
paper,  but  it  is  not  perhaps  the  best  way  and 


we  rather  plan  to  use  these  experiments, 
including  Lagrangian  analysis  of  pressure 
measurements,  wedge  test  and  diverging  and 
converging  detonation  on  an  HMX-based  cast 
cured  PHX,  to  improve  a  more  physically-based 
model. 
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Finite  element  hydrocodee,  the  etandard  toole  for  hydrodynamic 
analyeia  ofprohleme  inuoluing  ehooke  and  exploeioee,  usually  embody 
two  means  of  modeling  explosives,  a  simple  prescribed  geometric  wave 
progression,  and  a  reactive  flow  model  in  which  the  development  of  the 
detonation  Spends  on  the  local  flow  parameters.  In  this  paper  one  type 
of  reactive  flow  model  is  described  and  assessed  against  a  conventional 
Huygens  wave  propagation  method,  A  reactive  flow  model  based  on  a 
simple  pressure  dependent  reaction  rate  was  calibrated  on  the  one- 
dimensional  shock  to  detonation  behavior  of  an  RDXtwax  composition 
at  high  voidage,  The  sensitivity  of  the  parameterisation  to  mesh  sise 
was  examined.  The  ability  of  the  model  to  predict  the  effect  of  smalt 
charges  in  density  was  demonstrated.  The  model  was  used  to  investi¬ 
gate  various  aspects  of  explosive  performance;  corner-turning,  Mach 
stem  creation,  lateral  and  axial  metal  pushing,  and  desensitisation. 
Identical  calculations  were  executed  using  the  geometric  wave 
approach.  Two  applications  of  the  reactive  flow  model,  one  in  flue  train 
design,  the  other  in  fragment  impact  on  rocket  motors  were  reported. 
The  hydrocode  DYNA2D  was  used  for  alt  simulations. 


INTRODUCTION 

The  tremendous  Increase  in  computing 
power  in  recent  years  has  greatly  increased  the 
scope  of  the  explosives  designer  to  predict 
accurately  the  performance  of  complex  devices. 
Central  to  such  work  has  been  the  hydro- 
dynamic  wave  propagation  code,  or  hydrocode: 
a  numerical  solution  algorithm  which  can  be 
used  by  the  modeller  to  specify  an  arbitrarily 
complex  problem  in  terms  only  of  the  initial 
geometry,  material  behavior,  and  boundary 
conditions.  The  code  then  predicts  the  time 
evolution  of  the  solution  given  the  relevant 
flow  equations  and  constitutive  relationships. 
The  quality  of  such  simulations  is  crucially 
dependent  on  the  detail  of  the  material  inodels 


within  the  code.  In  detonics  problems,  the 
results  are  only  as  reliable  as  the  physical 
correctness  of  the  detonation  physics 
employed. 

Two  generic  types  of  explosive  models 
have  been  developed  for  use  in  hydrodynamic 
codes:  a  computationally  cheap  geometric 
method,  and  a  more  complex  reactive  flow 
technique.  In  the  former,  the  behavior  of  the 
explosive  is  assumed  to  be  that  of  an  Ideal 
Chapman-Jouguet  wave,  moving  through  the 
mesh  at  a  prescribed  velocity  in  all  directions 
simultaneously.  The  locus  of  the  wave  front  is 
only  dependent  on  the  number  and  position  of 
sites  which  are  lit  at  the  beginning  of  the 
calculation,  and  is  thus  invariant  with 
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eonflnement,  initiator  efTects,  etc.  Thig  is  often 
referred  to  as  the  Huygeng  congtruction.  In  the 
latter  cage,  the  beliavior  of  the  explogive  ig 
baaed  on  explicit  ahock  induced  chemical  reac¬ 
tion  in  the  energetic  material.  The  exploaive  ia 
treated  aa  a  chemically  active  medium  in 
which  converaion  between  the  unreacted  and 
reacted  atate  ia  governed  by  a  rate  law  depen¬ 
dent  only  on  the  local  thermodynamic  atate  of 
the  material.  The  exploaive  ia  deacribed  by  an 
unreacted  equation  of  atate,  an  equation  of 
atate  for  the  reaction  producta,  and  a  aet  of 
chemical  reaction  rate  parametera,  Compared 
to  the  Huygena  technique,  the  complexity  of 
the  calculation  ia  greatly  increaaed,  but  no  ad 
hoc  aaaumptiona  are  required  on  the  atructure 
or  development  of  the  detonation  wave,  which 
becomea  a  function  of  the  local  flow  fleld.  Thia 
ia  referred  to  aa  reactive  flow  analyaia. 

REACTIVE  FLOW  MODELS 

In  virtually  all  commercial  and  military 
exploaivea,  the  chemical  reaction  can  be 
modelled  by  a  hot  spot  initiated  grain  burning 
mechaniam.  Hot  apota  are  generated  during 
ahock  compreaaion,  aa  amall  intenaely  heated 
areaa.  Typically  theae  occur  at  alip  planea,  auoh 
aa  grain  or  cryatal  boundariea,  and  at  denaity 
diseontinuitiea  auch  aa  voida  or  binder/flller 
interfacea.  Any  reaction  which  ia  initiated 
within  theae  areaa,  then  propagates  a  flame  or 
mass  explosion  throughout  the  remainder  of 
the  exploaive.  The  heat  release  rate  therefore 
depends  on  the  intrinsic  chemical  reactivity  of 
the  ingredients  of  the  explosive,  i.e.  the  therm¬ 
al  explosion  time  and  burning  velocity,  and  the 
geometrical  distribution  of  initiation  sites  in 
the  exploaive.  Two  difTerent  claaaes  of  model 
can  be  identifled,  depending  upon  the  treat¬ 
ment  of  the  geometrical  term  in  the  rate  law. 

The  first  type  of  reactive  flow  models  was 
those  that  lumped  the  effects  of  reaction 
geometry  and  speciflc  chemical  reaction  rate 
together  in  a  global  expression.  These  sought 
only  to  reproduce  the  reaction  rate  of  the 
particular  explosive  of  interest  without  any 
physical  interpretation  of  the  functional  form 
of  the  rate  law.  The  simplest  of  these  was 
Forest  Fire,*  which  used  a  simple  pressure 
dependent  rate  law. 


P  =  (l-P)fl[p) 

where  P  was  degree  of  chemical  reaction,  f(p)  a 
polynomial  in  pressure  and  '  denoted  time 
differentiation.  Forest  Fire  reproduced  the  run 
to  steady  atate  detonation  flrom  a  sustained 
shock  impulse,  but  did  not  reproduce  the  reac¬ 
tion  zone  in  the  exploaive. 

Wackerle^  used  a  modified  Arrhenius 
reaction  rate  function  to  fit  experimentally 
measured  reaction  rates  flrom  electromagnetic 
gauge  data.  Mader^  used  a  similar  rate  law  to 
resolve  the  reaction  zone  in  military  explo¬ 
sives.  Theae  models  had  an  advantage  in  ease 
of  calibration  due  to  the  amall  numbers  of 
a(ijuatable  parametera  present.  As  they  did  not 
explicitly  model  multi-phase,  multi-component 
aspects  of  formulations,  they  were  ineffective 
for  practical  application, 

The  next  generation  of  rate  laws  sought 
to  decouple  the  effects  of  intrinsic  chemical 
reactivity  and  reaction  geometry.  The  pro¬ 
genitor  of  all  such  work  was  the  Ignition  and 
Growth  model, ^ 

P  =  I(l-p)*(v/v/  +  a(i-p)*pv 

where  v  was  specific  volume,  subscripts  o,e 
referred  to  the  porous  unshocked  and  dense 
shocked  states  respectively,  and  I,  Q,  r,  x,  y,  z 
were  fitting  factors.  Advantages  were  the  rela¬ 
tively  small  number  of  acijuatable  parametera, 
the  explicit  voidage  dependency,  the  use  of  the 
r  exponent  to  model  various  hot-spot  creation 
proceasea,  e.g.  plastic  work,  jetting,  etc.,  and 
the  use  of  the  x  and  y  parameters  to  describe 
the  reaction  geometry.  Constraints  were  the 
implicit  dependency  on  mesh  size  and  bulk 
viscosity,  and  the  inability  of  the  model  to 
reproduce  sustained  and  sharp  ahock  initiation 
data  with  one  parameter  set.  Extensions  to  the 
model  removed  some  drawbacks  at  the  expense 
of  increased  numbers  of  adjustable  parameters 
and  ensuing  parameterization  problems.^ 

Other  workers,  notably  Partoum,^  and 
Johnson,  Tang  and  Forest,*^  have  used  mixed 
pressure  and  temperature  dependent  laws  to 
describe  the  shock  initiation  event.  Johnson  et 
at.  have  been  successful  in  modeling  the 
changes  in  shock  initiation  behavior  with 
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changing  density,  and  in  modeiing  dynamic 
desensitization. 

The  model  of  shock  initiation  due  to 
Kennedy.^  was  formulated  after  the  work  of 
Lee  and  Tarver  and  took  the  form  of 

p*I4,(P-P^)(U-Ph)^(Vo/v/-»- 

G(l-P)^P*^pp; 

where  Ph  was  the  mass  fraction  of  hot-spot 
phase,  uBualiy  taken  as  the  initiai  void  voi- 
ume,  Pa  the  initial  shock  pressure,  and  <|>(P-Ph) 
a  unitary  step  function.  The  rate  law  had  only 
four  adjustable  parameters  and  had  the  capa¬ 
bility  of  both  precursor  shock  desensitization 
due  to  void  closure,  and  of  itharp  shock/ 
sustained  shock  initiation  through  the  ppa* 
term  in  the  growth  function,  There  remained  a 
sensitivity  to  mesh  size  and  bulk  viscosity  but 
this  was  reduced  by  introduction  of  the  4>(P‘Ph) 
term  which  eliminated  the  ignition  term  ader 
the  hot-spot  had  been  consumed.  Moreover,  as 
Ph  was  a  hjnctlon  of  the  initial  voidoge,  the 
rate  law  could  predict  the  efTeot  of  snriall  cnanges 
in  density  on  the  shock  initiation  thresholds, 

Kennedy  has  investigated  the  perfor¬ 
mance  of  this  model  in  some  depth.  It  Ms  been 
shown  to  reproduce  gross  shock  initiation  data 
over  large  pressure  ranges  and  to  give  realistic 
descriptions  of  wave  growth  within  tho  explo¬ 
sive  during  shock  initiation. In  this  work 
the  usefulness  of  the  model  in  suitulaling 
various  situations  io  assessed. 

ONE-DIMENSIONAL  SUSTAINED 
SHOCK  INITIATION 

The  explosive  PBX  9407  was  chosen 
because  of  the  availability  of  Top  Plot’  data  in 
a  non-linear  region,  and  the  usefulness  of  the 
material  as  a  generic  stemming  composition  at 
low  density,  and  pressed  fill  at  high  density. 
An  analytic  one-dimensional  shock  initiation 
model  was  used  to  derive  a  reactive  flow 
parameter  set  for  the  explosive  at  a  density  of 
1 .6  g/cc.  Agreement  with  available  experimen¬ 
tal  shock  to  detonation  data‘°  was  obtained  by 
manipulation  of  the  four  (Ittlng  parameters  I, 
Q,  r,  z  in  the  rate  law. 


When  these  parameters  were  used  in  the 
model  embedded  in  the  hydrocode  DYNA2D,^^ 
a  mesh  resolution  of  100/mm  reproduced  the 
Top  Plot*  over  the  pressure  range  1.25  to 
6  QPa.  The  predicted  Top  Plot*  was  curved 
upwards  concave  as  found  experimentally. 
Below  1.25  GPa  the  run  distance  to  detonation 
was  underestimated  by  10  percent,  reflecting 
too  little  curvature  in  the  computed  Top  Plot.’ 
The  effect  of  cell  size  on  these  calculations  was 
investigated  by  altering  the  resolution  through 
the  range  100/mm  to  5/mm.  Reducing  the 
resolution  of  the  mesh  resulted  in  Top  Plots' 
which  corresponded  to  significantly  shorter 
runs  to  detonation  than  found  experimentally. 
At  50/mm  the  run  distance  was  between  20  and 
50  percent  too  short  at  high  and  low  pressures 
respectively;  see  Figure  1.  The  wave  structure 
was  still  resolved.  This  error  remained  vir¬ 
tually  constant  with  increasing  mesh  coarse¬ 
ness  to  below  10/mm,  at  which  point  the 
calculation  ceased  to  have  meaning  due  to  the 
small  number  of  cells  in  the  analysis.  Below 
30/mm,  the  wave  structure  became  severely 
degraded. 

These  results  were  contrasted  to  those 
published  on  Composition  B3,*  where  decreas¬ 
ing  mesh  resolution  gave  longer  run  distances 
to  del^onation  for  any  incident  pressure.  The 
anomaly  in  the  two  sets  of  results  was  resolved 


Figure  /.  Effect  of  Mesh  Size  on  Hun  to 
Detonation 
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by  the  major  qualitative  difference  in  the 
initiation  behavior  of  PBX  9407  and  Compo¬ 
sition  B3,  as  seen  in  the  nature  of  the  pressure 
distribution  during  buildup.  In  Composi¬ 
tion  B3  the  pressure  at  the  shock  front  was 
virtually  constant  during  buildup,  until  the 
shook  was  engulfed  by  the  pressure  wave  due 
to  reaction.  In  PBX  9407  the  shock  pressure 
grew  steadily  throughout  the  buildup  process. 
The  different  effects  of  mesh  resolution  on  'Pop 
Plot*  predictions  in  the  two  cases  reflected  the 
different  buildup  behavior;  for  Composi¬ 
tion  B3,  coarse  meshing  slowed  the  critical 
initiation  event,  the  reaction  wave  traveling 
toward  the  front;  but  for  PBX  9407,  coarse 
meshing  increased  reaction  at  the  shock  front 
and  hence  accelerated  buildup.  Experimental 
evidence  of  both  types  of  buildup  has  been 
found.*'*® 

TEST  PROBLEMS 

The  object  in  setting  test  problems  was  to 
contrast  the  behavior  of  the  reactive  flow 
model  to  a  typical  Huygens  type  irodel. 
Extensive  experimental  validation  was  not 
required,  and  the  test  meshes  were  designed  to 
minimise  computational  problems. 

The  spatial  resolution  of  the  mesh  was 
governed  by  the  dimensions  of  the  reaction 
aone  in  the  explosive,  typical  soning  lay 
between  twenty  and  two  hundred  sones  per 
millimeter  depending  on  the  accuracy  required 
of  the  analysis.  In  all  cases  time  stops  of  the 
order  of  1  ns  were  considered  good.  The  models 
themselves  were  computationally  expensive  to 
use  because  of  the  complexities  of  the  chemical 
reaction  rate  routines.  Application  of  the 
technique  was  therefore  limited  by  the  sise  and 
speed  of  the  computer  facility  being  used.  All 
test  cases  were  physically  small,  and  were 
ropresented  in  two  dimensions. 

In  all  cases  the  explosive  used  was 
PBX  0407  at  a  density  of  1 .767  g/cc.  The  cases 
were  run  using  both  the  reactive  flow  model, 
parameterized  as  above,  and  a  Huygens  wave 
construction  method.  The  reactive  flow  model 
was  adjusted  to  the  new  density  only  by 
decreasing  the  mass  of  hot-spot  material  in 
line  with  the  reduced  voldage,  and  using  the 
appropriate  equations  of  state  for  the  explosive 


at  the  new  density.  Identical  meshes  were 
used  for  both  techniques. 

Failure  Thickness 

The  first  tost  was  to  predict  the  failure 
thickness  for  PBX  9407  at  1.767  g/cc,  Only  the 
reactive  flow  model  was  used  in  this  case.  A  6* 
wedge  running  from  0.4  mm  to  0.2  mm, 
initiated  by  a  line  generator  of  PBX  0407  was 
modelled  as  a  half  space  in  plane  geometry. 
The  detonation  wave  was  seen  to  weaken  as  it 
progressed  down  wedge  until  edge  rarefaction 
caused  failure,  i.e.  the  shock  wave  and  reaction 
wave  ceased  to  be  coincident  in  space.  The 
pressure  and  mass  fraction  contours  at  a  posi¬ 
tion  corresponding  to  a  wedge  thickness  of 
0.3  mm  are  shown  in  Figure  2.  This  was  the 
computed  critical  thickness,  and  corresponded 
well  with  a  measured  value  of  0.306  mm.*** 
The  structure  apparent  in  the  extent  of 
reaction  plot  of  Figure  2,  was  not  a  function  of 
the  spatial  discretization  used  in  the 
simulation,  but  reflected  the  effect  of  lateral 
rarefactions  on  the  detonation  process. 

Corner-Turning  and  DesensitiBatlon 

The  topics  of  corner-turning  and  desensi- 
tisation  are  intimately  linked.  Corner-turning 
refers  to  the  ability  of  the  wave  to  overcome 
divergence  in  the  flow  field  caused  by  an 
increase  in  area  or  change  in  direction  of  the 
detonation  wave.  Desensitization  refers  to  a 
decrease  in  the  shock  sensitivity  of  an  explo¬ 
sive  due  to  passage  of  a  low  pressure  shock 
wave,  of  insufficient  strength  to  initiate 
signifleant  chemical  reaction,  but  of  suffleient 
magnitude  to  physically  activate  the  hot-spot 
forming  mechanisms.  Often  both  these 
phenomena  occur  simultaneously,  wave 
divergence  causing  the  shock  to  weaken  such 
that  it  cannot  promptly  self-initiate  the 
explosive. 

A  typical  corner-turning  event  was 
modelled,  with  a  small  diameter  cylinder  of 
explosive  initiating  a  larger  cylinder.  Figure  3. 
Two  examples  were  investigated,  one  where 
the  smaller  diameter  charge  was  encased  in 
high  density,  low  sound  speed  polymer,  the 
other  where  aluminum  was  used  as  the  case 
material. 


1227 


rRPME  1 
coNTOudfi  or 


rRRME  2 

CONTOUKft  or  CMTCNT  Or  ftr.ffCtlON 


l.mCtM  I.IMt-M  t.MtC'il 


Figure  2.  Pressure  Contours  for  Wedge  at 
Failure 


The  corner  turning  event  was  controlled 
by  two  phenomena:  divergence  of  the  detona¬ 
tion  wave;  and  pre-shocking  of  the  larger 
diameter  charge  by  the  shock  traveling  in  the 
case  material.  The  Huygens  wave  model  and 
the  reactive  flow  model  predicted  different 
results.  The  Huygens  model  gave  a  uniformly 
growing  wave  front.  Immediately  the  wave 
passed  over  the  corner,  in  frames  7  and  8.  The 
reactive  flow  model  predicted  the  efTect  of  the 
divergence  on  the  pressure  field,  and  the  effect 
of  the  lower  shock  pressure  in  the  divergent 
shock  on  self-initiation  in  the  explosive.  This 
was  evident  from  the  highly  curved  wave  forms 
predicted  throughout  the  corner  turning  event, 
frames  1, 2, 3,  and  4. 


The  effect  of  pre-shocking  was  also  seen 
in  the  reactive  flow  analysis.  When  the  poly¬ 
mer  was  used  as  the  case  material,  a  small 
area  of  desensitization,  evidenced  by  an  area  of 
unreacted  explosive,  was  seen  midway  along 
the  case-explosive  interface,  in  iVame  6.  This 
corresponded  to  the  point  where  the  shock 
transmitted  through  the  polymer  case  to  the 
explosive  was  not  sufflciently  strong  to  initiate 
the  explosive  before  the  detonation  wave  trom 
the  corner  turning  event  arrived.  The  detona¬ 
tion  wave  had,  however,  to  propagate  through 
the  pre-shocked  region,  which  remained 
unreactod.  When  aluminum  was  used,  the 
shock  from  the  confinement  was  sufllcient  to 
initiate  the  explosive  at  all  points  along  the 
Interface,  aiding  the  corner-turning  process,  in 
frame  6. 

Initiation  Wave  Interaction 

The  interaction  of  detonation  waves 
emanating  fVom  multiple  initiation  sites  is  of 
interest.  In  this  test  the  interaction  of  a 
toroidal  detonation  was  studied  as  it  coalesced 
along  the  charge  axis.  The  mesh  was  of  a 
metal-cased  right  cylindrical  charge,  periph¬ 
erally  initiated  by  a  small  slug  of  explosive;  see 
Figure  4.  During  the  early  stages  of  coales¬ 
cence,  both  the  Huygens  and  reactive  flow 
analysis  gave  similar  results:  flrames  1  and  4, 
This  corresponded  to  a  region  of  massive 
overdrive  of  the  detonation.  However  as  the 
coalescence  process  progressed,  the  results  of 
the  two  models  diverged,  fVamoB  2  and  5.  The 
reactive  flow  model  predicted  a  flatter  wave 
front  and  larger  Mach  disk— frames  3  and  6— 
due  to  the  effect  of  the  enhanced  pressure  field 
in  the  disk  on  the  local  chemical  reaction  rate. 

Acceleration  of  Metal 

The  ability  of  these  models  to  predict 
correctly  the  acceleration  of  metal  was  tested 
by  examining  the  axial  and  lateral  velocity 
created  by  a  charge  detonating  within  a  small 
diameter  thick  cylinder,  capped  at  one  end. 
The  charges  were  plane  wave  initiated.  The 
velocity  time  profiles  of  the  wall  and  end  cap 
were  in  good  agreement  for  both  models, 
reflecting  the  small  effect  that  the  reaction 
zone  had  in  accelerating  metal  which  was 
many  times  its  own  thickness.  For  very  thin 
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metal  there  wai  a  eigniilcant  difference 
between  the  two  reiulte.  This  was  in  good 
agreement  with  experimental  results.*^ 

TYPICAL  APPLICATIONS 

It  has  been  demonstrated  above  that  for 
regions  close  to  initiation  events,  or  for  events 
which  have  a  length  scale  comparable  to  the 
reaction  sone  in  the  explosive,  reactive  flow 
analysis  yields  a  more  precise  simulation  of  the 
detonation  event.  Two  classes  of  problems 
have  been  identifled  where  such  a  technique 
could  be  of  practical  value. 


Initiation  Train  Analysis 

Explosive  fuse  trains  are  used  to  convey 
and  amplify  a  detonation  from  its  point  of 
initiation,  the  detonator,  to  its  point  of  use. 
Reactive  flow  analysis  can  be  us^  to  improve 
the  design  in  such  applications  by  maximizing 
tho  robustness  of  the  system  whilst  minimizing 
explosive  mass.  One  such  application  involved 
a  miniature  electric  detonator,  initiating  a  low 
density  explosive  stemming  and  high  density 
nitramine  main  charge;  see  Figure  6.  The 
detonator  was  held  in  a  clip,  slightly  above  a 
shuttle  which  contained  the  stemming  covered 
by  an  aluminum  septum.  Below  the  shuttle. 


FRRME  1  FRRME  2  FRRME  3 

CONTOUNI  or  OMIlum  CONrOUNI  or  OKINME  CONTOUkl  or  okiiuik 


Figure  4.  Initiation  Site  Interactions 
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separated  by  a  small  air  gap  was  a  pellet  confining  the  explosives:  fl'ame  4.  The  growth 

leading  down  to  the  main  mass  of  explosive.  In  of  the  wave  into  the  main  charge  was  also 

the  simulation  all  explosives  were  modeled  aided  by  shock  interaction  at  the  interface 

using  a  reactive  flow  model,  except  the  azide  in  between  explosive  and  the  casing  in  the  top  left 

the  detonator  which  was  Huygens  burned.  In  corner:  frame  5.  The  wave  continued  to  move 

the  simulation  the  detonator  reacted  to  throw  a  throughout  the  charge  in  a  divergent  fashion: 

small  flyer  across  the  air  gap  onto  the  septum:  frame  6.  The  high  wave  curvature  even  after  a 

fVame  1.  The  shock  of  the  impact  caused  the  long  run  distance  demonstrated  the  need  for 

stemming  to  detonate.  The  shock  in  the  reactive  flow  analysis  ofthe  whole  process, 

stemming  was  initially  very  curved:  frame  2. 

The  reacted  stemming  expended  across  the  air  Hazard  Analysis 
gap  onto  the  pellet  causing  a  detonation  wave 

to  propagate  into  the  remaining  explosive:  Accidental  initiation  is  a  mt^or  hazard  in 

frame  3.  The  wave  had  to  corner-turn  out  of  the  storage  and  application  of  all  energetic 

the  pellet  into  the  main  charge.  This  was  aided  materials.  Two  important  topics  in  this  fleld 

by  the  shock  traveling  in  the  material  are  sympathetic  detonation  where  the  shock 


rRPIME  I  rRRME  2  FRAME  3 

coNTouM  or  riKiiuoc  coNTouoi  or  l•Ni■um:  contour!  or  i<RCMui<t 


Figure  5.  Typical  Fuse  Train  Analysis 
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from  one  charge  initiates  a  neighbor,  and 
fragment  impact  where  debris  accelerated 
from  a  first  event  initiates  a  second.  Examples 
of  the  use  of  reactive  flow  analysis  in  modeling 
sympathetic  events  have  been  published 
previously.® 

A  calculation  was  performed  on  the  shock 
initiation  of  an  aluminum  cased  rocket  motor, 
filled  with  a  typical  Extruded  Double  Base 
propellant,  by  a  flat  nose  steel  projectile.  Fig¬ 
ure  6.  The  critical  impact  velocity  for  deto¬ 
nation  was  found  to  be  between  800  m/s  and 
860  m/s,  At  850  m/s  the  projectile  initiated  a 
highly  divergent  detonation— frame  1— which 
moved  as  a  growing  hemispherical  cap  through 
the  propellant— frame  2— until  it  interacted 


with  the  rocket  motor  walls:  frames.  At  that 
point  two  waves  occurred,  a  detonation  moving 
forward,  and  a  retonation  moving  rearward: 
frames  4  and  6.  Small  areas  of  desensitization 
on  the  periphery  of  the  impact  site  were  found, 
as  seen  in  the  mass  fraction  contours:  frame  6. 
For  an  impact  velocity  of  800  m/s  the  shock  in 
the  propellant  quickly  died  and  little  material 
reacted,  in  the  time  scale  of  the  simulation 
(20  ps). 

CONCLUSION 

The  efficacy  of  reactive  flow  analysis  in 
modeling  all  classes  of  shock  to  detonation 
phenomena  has  been  demonstrated.  An 
overview  of  the  various  techniques  used  in 
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Figure  6.  Fragment  Attack  on  Rockot  Motor 
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such  computations  has  been  given,  and  the 
strengths  and  weaknesses  of  the  various 
methods  assessed.  The  accuracy  of  the  tech¬ 
nique  has  been  shown  to  be  dependent  on  the 
calibration  method,  and  on  mesh  sizing.  A 
series  of  example  calculations  has  been  per¬ 
formed  that  illustrates  the  differences  between 
reactive  flow  onalysis  and  conventional 
Chapman-Jouguet  wave  techniques,  Reactive 
flow  analysis  has  been  shown  to  differ 
significantly  from  C-J  burn  techniques  when 
the  scale  of  the  event  becomes  close  to  that  of 
the  reaction  zone  in  the  explosive,  or  the  explo¬ 
sive  is  undergoing  transient  wave  phenomena 
such  as  Initiation  or  failure. 
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DISCUSSION 

J.  BDZIL,  Groui)M-9 

Los  Alamos  National  Laboratory,  NM 

The  Huygens  construction  that  you 
showed  is  in  error.  The  detonation  shock  in 
the  shadow  zone  of  tho  corner  got  there  by 
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propagating  along  a  single  straight  line  from 
the  initiation  surface,  through  the  polymer, 
and  then  back  into  the  HE.  Please  fix  this. 

REPLY  BY  GRAEME  A.  LEIPER 
AND  DAVID  L.  KENNEDY 

We  have  modified  our  Huygen's 
algorithm  in  line  with  your  comment,  and 
Figure  3  has  been  updated  in  the  final 
proceedings.  There  remains  a  significant 
difference  in  the  wave  profiles  between  the 
Huygen’s  construction  and  the  reactive  flow 
analysis.  We  believe  that  this  difference  will 
be  magnified  as  the  sensitivity  of  the  explosive 
is  reduced. 


The  diverse  nature  of  methods  proposed 
in  the  symposium  for  calculating  the  dynamic 
properties  of  detonation  hronts  highlights  the 
need  for  further  studies  in  the  area.  We 
believe  the  only  logical  fashion  for  attempting 
future  work  is  to  couple  the  chemical  reaction 
closely  to  the  hydrodynamic  flow,  as  outlined 
by  us  and  many  previous  authors.  It  is  only  in 
such  a  manner  that  the  result  of  a  simulation 
can  be  regarded  as  representative  of  the 
physics  occurring  in  the  detonating  explosive, 
under  all  conditions  of  practical  interest. 
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PHYSICAL  EVIDENCE  OF  DIFFERENT  CHEMICAL  REACTIONS  IN 
EXPLOSIVES  AS  A  FUNCTION  OF  STRESS 


T.  P.  Llddiard  and  J.  W.  Forbei 
Naval  Surface  Warfare  Center 
Silver  Spring,  Maryland  20903-S000 

and 


D.  Price 

Advanced  Technology  and  Reaearch,  Inc. 
Laurel,  Maryland  20707 


This  paper  is  concerned  with  an  experimental  study  of  the  initiation  of 
chemical  reaction  in  high  explosiues  by  mechanical  shocks  of  low  to 
medium  amplitudes  (4-86  kbar).  The  results  of  this  study  establish  a 
data  base  for  ignition  and  initiation  for  27  explosives,  one  of  which  is 
also  a  composite  modified  double  base  propellant.  In  addition,  these 
results  give  clues  to  the  nature  of  subdetonation  reactions  and  may  help 
to  pave  the  way  for  future  studies  of  such  reactions  using  other 
experimental  techniques. 


INTRODUCTION 

DUcb  of  various  explosives  (acceptors) 
were  subjected  to  shocks  using  two  widely 
different  donor/shock  attenuator  (gap) 
systems.  One  system,  the  Modified  Oap  Test 
(MQT),^'^  is  conducted  in  air  and  uses 
polymethyl  methacrylate  (PMMA)  for  the  gap 
material,  The  other  system,  the  Underwater 
Sensitivity  Test  (UST),*’*  is  conducted  in 
water,  using  water  as  the  gap  material.  In 
both  systems  the  acceptors  are  60.8  mm  in 
diameter  and  usually  12.7  mm  thick. 
Observations  are  made  with  high-speed 
framing  cameras.  MOT  and  UST  first  reaction 
thresholds  of  the  explosives  have  been 
determined;  MOT  detonation  thresholds  have 
also  been  determined.  Some  of  these  data  have 
been  reported  previously.^'®  However,  the 
shock  systems  have  been  recalibrated  m  recent 
years.  A  recent  report^  gives  all  the  corrected 
data  bused  on  the  latest  and  host  calibrations 
of  the  shock  producing  (donor)  systems.  The 
"bulk  burn'*  threshold  in  the  previous  report  is 
now  interpreted  as  the  Initial  reaction 
threshold.  This  paper  presents  a  summary  of 


the  data,  along  with  some  new  interpretations 
of  the  shapes  of  the  response  curves.  The  stress 
thresholds  in  the  explosives  were  determined 
by  impedance  matching  with  the  use  of 
unreacted  Hugonlots  of  explosives  reported  In 
Reference  1 . 

The  nominal  densities  and  the  tests 
conducted  on  the  material  are  given  in  Table  1. 
In  addition,  whether  the  material  was  pressed, 
melt  cast,  or  cast-cured  is  indicated.  The  me^or 
components,  percentage  by  weight  of 
ingredients,  and  initial  particle  size  of  the  most 
energetic  component  are  given  in  Table  2. 

MODIFIED  GAP  TEST 

The  configuration  of  the  MOT  is  given  in 
Figure  1.  The  donor/gap  material/acceptor 
system  is  made  up  of  contacting  cylinders,  all 
60.8  mm  in  diameter.  The  donor/gap  material 
system  provides  a  quasi-trlangular  shaped 
shock  pulse  with  a  peak  stress  of  6-80  kbar, 
and  a  pulse  width  of  1-2  ps  at  one  half  peak 
stress.  From  camera  frame  sequences, 
distance-time  measurements  are  made  of  the 
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Table  2.  Exploeiuee  CompoaUiona 


Table  1.  Exploaioea  Covered  in  this  Report 
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Figure  1,  The  MOT  Arrangement 


acceptor  free  aurface  motion.  One  velocity 
value  for  each  input  atresa  ia  obtained  from 
each  experiment,  Typically,  an  abrupt  rise  in 
the  acceptor  free  surface  (blow  ofO  velocity 
occurs  with  increasing  stress  when  chemical 
reaction  is  present. 

In  using  free  surface  velocity  versus  input 
stress  as  an  indication  of  reaction,  it  is 
necessary  to  keep  in  mind  that  we  are 
measuring  a  hydrodynamic  phenomenon, 
Reaction  does  not  specifically  mean 
combustion  (or  Ignition),  It  is  generally  agreed 
that  combustion  of  solids  requires  formation  of 
gases  which  can  subsequently  react  to  produce 
flame  (radiation).  In  other  words,  the  original 
solid  materials  must  bo  heated  until  they  form 
gases  and  possibly  solid  residue  which  can,  in 
turn,  burn.  This  heat  decomposition 
(pyroiysis)  can  be  considered  an  initiation 
phenomenon,  leading  to  ignition  and 
combustion.  By  contrast,  we  use  the  term 
"ignition"  in  the  conventional  sense  of 
"sustained  ignition  (go/no  go)”  experimentaily 
observed  as  a  flame. ^ 
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The  measured  MQT  free  surface  velocity 
minus  the  calculated  free  surface  velocity  for 
the  unreacted  materia)  is  plotted  in  Figure  2 
against  input  stress.  The  stress  where  the 
surface  velocity  first  exceeds  the  calculated 
velocity  of  the  Inert  Is  taken  is  the  first 
reaction  threshold,  The  str  9s  where  the 
surface  velocity  reaches  4.5  mm/ps  (Indicated 
on  Figure  2  as  horizontal  lines  at  the  top  of  the 
curves)  is  chosen  as  the  detonation  threshold, 
Po^.  This  criterion  is  based  on  the 
observations  of  detonation  light  and  the  trend 
in  instantaneous  acceptor  surface  velocity.! 
The  point  of  ignition  (Pe*)  is  chosen  as  the  ond 
of  any  initial  reaction  and  beginning  of  the 
main  rapid  reaction,  as  shown  by  the  change  in 
slope  of  the  surface  veloclty-streso  curve.  The 
three  thresholds  are  listed  in  Table  3  along 
with  the  theoretical  maximum  density  (TMD). 


1236 


Figure  2.  Excess  Acceptor  Velocity  as  a  Function  of  Stress  in  the  Explosive 


Table  3,  MOT  First  Reaction,  Ignition  and 
Detonation  Threshold  Data 
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DISCUSSION  OP  MGT  RESULTS 

A  number  of  observationB  can  bo  made 
from  the  MOT  velocity  versus  stress  curves  of 
Figure  2.  Comparison  of  the  surface  velocity 
curves  of  cast  and  pressed  Comp  B-3  and  60/40 
cyclotot  reveais  that  the  cast  materials  require 


very  slightly  higher  stresses  (to  induce 
reaction)  compared  to  the  pressed  materials, 
but  the  stress  required  to  induce  detonation  is 
much  higher  for  the  cast  materials. 

The  curves  for  pressed  Comp  B-3  and 
60/40  cyclotol  have  much  more  structure  than 
those  of  cast  charges  of  the  same  high  explosive 
(HB).  In  fact,  their  velocity  curves  have  a 
distinct  plateau  that  indicates  the  same 
reaction  initiated  over  a  range  of  pressures,  or 
a  lower  temperature  reaction  different  from 
that  occurring  at  higher  temperatures.  In 
these  two  cases  and  five  others  the  first 
interpretation  was  chosen  because  each 
explosive  exhibiting  a  plateau  contained 
appreciable  amounts  of  RDX  or  HMX  and,  in 
one  case,  NO  as  well,  Since  these  are  very 
shock  sensitive  compounds,  it  is  reasonable  to 
assume  that  the  plateau  indicates  the  ignition 
of  the  most  sensitive  component;  its  reaction 
would,  in  turn,  ignite  the  6ther  components 
which  are  also  ignited  by  higher  initiating 
pressures  beyond  the  plateau.  The  second 
possible  interpretation  (different  reactions  at 
diiferont  temperatures)  probably  applies  to 
single  component  HE,  such  as  TATB  (P).  In 
the  case  of  other  pressed  explosives  (TNT, 
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Comp  B,  cyclotol,  and  pentoliie)  consisting  of 
one  or  two  pure  explosives,  the  velocity  curves 
start  at  high  angles  and  continue  to  increase  in 
velocity.  For  these  materials  we  have  chosen 

at  The  same  materials  in  cast  form 
and  in  composite  explosives  produce  very 
diiterent  expansion  curves  from  which  the 
point  of  obvious  acceleration  of  reaction  is 
chosen  as  the  sustained  ignition  threshold  P|'. 
To  determine  whether  this  is  the  correct  choice 
would  require  devising  an  experiment  in  which 
the  reactions  could  be  followed  optically. 

The  effect  of  initial  particle  sise  on  the 
shape  of  the  curves  for  materials  of  the  same 
composition  is  evident  in  the  data  for  pressed 
Comp  B-3  (finer  RDX)  and  pressed  60/40 
cyclotol.  The  reaction  threshold  for  the 
charges  with  larger  particles  is  slightly  lower; 
in  other  words,  it  is  slightly  easier  to  ignite  the 
charges  with  larger  particles  in  agreement 
with  the  results  reported  In  Reference  6.  Of 
course,  the  particle  site  after  pressing  is 
unknown,  as  is  the  particle  sise  in  the  oast 
charges.  In  this  case,  the  detonation  threshold 
is  lower  for  the  initially  finer  particles,  but 
that  can  be  reversed  for  different  initiating 
pulses.B  A  similar  small  initial  particle  sise 
effect  is  apparent  for  the  results  of  LX-04-0 
(finer  HMX)  and  LX-Od-l.  Although  Comp  B-3 
and  60/40  cyclotol  have  the  same  composition, 
their  surface  velocity  curves  are  far  from 
identical.  This  confirms  the  fact,  already  noted 
for  cast  versus  pressed  charges,  that  physical 
factors  can  overwhelm  chemical  ones. 

Comparison  of  the  pressed  aluminized 
explosives  HBX-1  and  HBX<3  velocity  curves 
reveals  that  detonation  cun  be  induced  in 
HBX-1  at  lower  stresses  than  in  HBX-3.  HBX-1 
has  the  same  initial  HE  particle  size 
distribution  us  HBX-3.  Therefore,  the  sensi¬ 
tivity  difference  between  these  two  explosives 
is  consistent  with  higher  RDX  content  and 
lower  percentage  of  aluminum  in  HBX-l . 

H-6  is  aluminized  60/40  cyclotol.  The 
addition  of  20  percent  aluminum  and  6  percent 
wax  to  cast  cyclotol  has  had  very  little  eflect  on 
its  sensitivity  in  our  samples;  the  decrease  in 

and  increase  in  were,  respectively, 
-1.1  and  3.6  percent.  The  other  two  cast, 
aluminized  explosives  are  not  directly  related 
in  composition  to  other  tested  materials. 


It  is  interesting  that  cast  cured  PBXW- 
109  has  a  value  of  18  kbar,  i.e.,  close  to  that 
of  cast  60/40  cyclotol  and  H-6,  but  a  Pa^  of  70 
kbar,  about  26  percent  higher.  This  is 
attributed  to  the  effect  of  its  rubbery  binder, 
but  the  binder  could  also  be  considered  as 
16  percent  inert  or  desensitizer,  In  contrast,  S-2, 
with  no  inert  but  a  larger  amount  of  explosive 
and  26  percent  less  aluminum,  has  Pg^  and  Pe''^ 
of  13  and  53  kbar,  respectively,  It  is  easier  to 
initiate  to  both  first  reaction  and  detonation, 
as  might  be  expected. 

In  the  MOT,  stress  thresholds  for  the  first 
reactions  ranged  h'om  9  to  75  kbar.  Stresses  of 
16  -  86  kbar  are  required  to  initiate  detonation 
in  the  12,7  mm  thick  secondary  explosives. 
The  MQT  thresholds  for  first  reaction,  ignition, 
and  detonation  are  summarized  in  Table  3, 
The  MQT  data  are  also  plotted  as  a  bar  chart  in 
Figure  3,  The  light  area  of  the  bar  graph 
indicates  the  stress  range  of  the  first  reactions, 
while  the  dark  area  of  the  bar  graph  gives  the 
stress  range  for  accelerated  reactions.  The 
beginning  of  the  dark  region  on  the  bar  graph 
is  believed  to  be  the  value  corresponding  to  the 
start  of  sustained  ignition.  This  figure 
compares  those  data  to  tho  tabulated  Large 
Scale  Gap  Test  (L80T)  results,  Pa^',  for  the 
same  materials,^ 

UNDERWATER  SENSITIVITY 
TEST 

The  configuration  for  the  UST  is  given  in 
Figure  4,  Tho  donor  ia  an  82  mm  dlamolor 
pentolite  sphere  which  provides  a  quasl- 
triangular  shaped  pressure-time  pulse  with  a 
peak  pressure  in  water  of  3-30  kbar  and  a  pulse 
half-width  of  10-60  ps  at  one  half  peak  stress. 
The  induced  shock  pulse  in  the  acceptor  has  a 
smaller  pulse  width  (6-10  ps)  due  to  the  size  of 
the  acceptor. 

From  camera  frame  sequences,  the  bulk 
expansion  of  tho  acceptor  after  the  transit  of 
the  shock  front  ia  obtained  as  a  function  of 
time.  The  appropriate  slope  from  the  resulting 
curve  yields  a  single  expansion  velocity  value, 
'i'ho  extrapolation  of  this  curve  to  zero  expan¬ 
sion  is  taken  us  the  first  reaction  threshold. 
Detonation  thresholds  are  not  usually  obtained 
from  the  UST  because  tho  higher  stresses 
needed  for  detonation  require  placing  tho 
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Figure  3,  Comparison  of  MOT  Reaction  Levels, 
P,*,  P.',  and  P,“,  uillh  Ihn  I, SOT  Thrakold. 
P,'- 

acceptor  at  u  dUlianco  from  the  donor  where  the 
peak  atreHR  calibration  ia  uncertain. 

DISCUSSION  OK  UST  IlKSULTS 

The  oxpanaion  velocity  curvea  veraua 
aumpio  atreaa  for  matortala  atudled  in  the  UST 
are  gdvon  In  Klguru  6.  Theao  aumple  expanaiun 
curvea  are  not  aa  revealing  aa  Ihoao  of  the 
MQT.  In  purl,  ihla  ia  due  to  the  fact  that  the 
oxploaivoa  arc  not  atreaaod  to  the  point  of 
detonation  In  the  UST.  Ignition  threaholda 
wore  not  obtained  in  the  UST  due  to  the 
inoompIotonoHN  of  thoae  curvea.  The  atreaa 
threaholda  for  the  Initial  reaction  in  the  UST 
ranged  from  4  to  9  kbar.  Theao  atruaa 
threaholda  are  aumniariaed  in  Table  4. 

The  expanalon  curvea  for  caat  cured 
PBXW-113  and  l’HXW-114  ahow  that  at 
higher  atruHaeu  the  oxpanaion  ia  more  rapid  for 
PBXW-113  which  ha«  a  higher  MMX  content 
and  no  uluminum 

The  expanaion  curve  for  caat  11-6  hua  u 
plateau  over  a  aireaa  range  of  19  to  29  kbar. 
The  only  other  rnatorlal  diaplaylng  auch  a 
plateau  waa  PHXW-108  I,  again  in  the  higher 
atreaa  region. 


473  9 
DONOR 


Figure  4,  The  UST  Arrangement 

It  in  interesting  to  note  that  the  response 
curve  of  PBXW-106  E  is  very  similar  to  that  of 
PBXW-108  E.  The  RDX  loading  is  lower  in 
PBXW-106  E,  but  it  does  have  an  energetic 
binder  containing  BDNPA-F  that  appears  to 
support  the  response  curve  as  if  the  UDX  had 
not  been  replaced. 

PBXN-103  has  an  energetic  binder 
consisting  chiefly  of  nitrocellulose  plasticized 
with  trimethylolethane  trinitrate.  Although 
this  explosive  also  contains  appreciable 
amounts  of  ammonium  perchlorate  and 
uluminum,  the  binder  produces  a  relatively 
homogeneous  mixture  with  few  or  no  voids. 
It  ia  to  this  homogeneity  that  its  relatively 
high  reaction  threshold  is  attributed. 

PBXC-12I  was  the  only  explosive  studied 
that  had  the  consistency  of  paale.  It  had  to  be 
placed  into  plastic  rings  and  covered  with  thin 
mylar  to  hold  it  in  ahupe  and  position  for  the 
testa.  It  does  have  a  very  high  reaction 
throslv)ld  compared  to  most  explosives.  The 
lack  of  rigidity  of  the  binder  appears  to 
desenaltiMe  the  material  which  contains  82 
percent  of  RDX  -  comparable  to  the  content  in 
the  "108"  compoaltoB. 

SUMMARY  OF  HKSUI/rS 

It  is  no  surprise  that  the  most  dominant 
elTcct  on  Bonsitivlty  Is  the  preparation  of 
the  material.  In  this  study  moat  materi¬ 
als  wore  either  oast  or  pressed  to  donalties 
near  voidloBS.  Therefore,  the  major  dilTor- 
once  in  material  preparation  was  whether  the 
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Table  4.  UST  First  Reaction  Threshold  Data 


P,  mst\ 


Figure  .5,  Kxpansiun  Velocity  as  a  Function  of 
Stress  in  the  Kxp/usioe 


material  waa  oant  or  proaaud  The  cast 
matcrialH  have  reaction  thrcHhulds  slightly 
above  those  of  pressed  explosives  with  the 
same  composition  and  same  initial  ingredient 
particle  sixo.  However,  the  detonation  thres¬ 
holds  for  cast  materials  are  well  above  those  of 
the  pressed  materials,  i.o.,  require  much  larger 
stresses  than  do  the  pressed  materials.  Thus, 
the  MOT  confirmed  the  same  large  effect  of 
preparation  on  sensitivity  found  with  the  iiSQT. 
Other  trends  found  to  bo  the  same  in  the  two 
tests:  addition  of  aluminum  and/or  wax  to  IIK 
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desensitizes  it  according  to  the  amount  added, 
and  increasing  the  amount  of  HE  in  a 
composite  causes  a  corresponding  Increase  in 
sensitivity.  Finally,  on  the  few  cases  tested, 
the  particle  size  effects  also  showed  the  same 
trends:  the  smaller  particles  were  harder  to 
Ignite  than  the  larger  ones. 

In  many  of  the  explosives  tested  in  the 
MQT,  particularly  the  cast  explosives,  the 
stress  induced  increase  in  surface  velocity 
remains  at  a  nearly  constant  low  level  for  a 
wide  range  of  input  stresses.  This  low  velocity 
plateau  could  be  caused  by  the  same  reaction 
being  activated  over  a  broad  range  of  stress 
(and  hence  of  temperature).  It  could  also  occur 
for  a  material  that  has  one  reaction  at  a  lower 
temperature,  but  a  different  reaction  at  a 
higher  temperature  (o.g.,  thermal  decom¬ 
position  of  ammonium  perchlorate,  a  compo¬ 
nent  of  EJC).  A  preignition  reaction  at  the 
lower  temperature  might  generate  gases  that 
affect  the  f^ree  surface  velocity,  but  insufficient 
energy  for  a  sustained  ignition. 

Pressed  charges  of  Comp  B-3  and  60/40 
cyclotol  each  showed  a  stepped  voloclty-stross 
curve.  These  were  interpreted  as  the  ignition 
of  RDX  at  the  stop  (lower  pressure  range)  fol¬ 
lowed  by  the  ignition  of  the  less  sensitive  TNT. 

The  first  reaction  thresholds  ranged  from 
9  kbar  to  7fi  kbar  in  the  MOT  and  4  kbar  to 
9  kbar  in  the  UST.  The  ratio  of  these  threshold 
slroBsos,  MGT/UST  is  2.9  ±  0.3;  this  ratio  is 
consistent  with  the  durations  of  the  respective 
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stresBes.  It  follows  that  both  tests  are 
measuring  the  same  initial  reaction.  Because 
of  the  direct  proportionality,  trends  observed 
with  the  UST  threshold  stresses  were  the  same 
as  those  found  with  the  MQT.  However,  we 
could  not  interpret  the  UST  expansion  curves 
above  that  threshold;  detonation  could  not  be 
attained  in  the  experimental  design  of  this 
test. 

The  thresholds  for  sustained  ignition 
were  chosen  as  described  in  the  text.  The 
results  are  summarized  in  Figure  3.  That  figure 
omits  six  of  the  HE  listed  in  Table  3  because 
the  value  for  was  lacking  or  estimated. 
This  bar  graph  shows  reaction  before  ignition 
(open  bar)  and  after  ignition  (solid  bar).  The 
tick  marks  are  the  LSQT  value  for  that 
material.  As  the  figure  shows,  the  LSQT  stress 
threshold  for  detonation  was  found  to  be 
essentially  the  same  as  the  stress  threshold  for 
ignition  in  the  MOT,  This  statement  holds 
within  experimental  error  for  all  explosives 
shown  in  Figure  3,  except  possibly  S-2  and 
PBXW-109  1.  For  the  six  HE  omitted  from 
Figure  3,  the  incomplete  data  were  consistent 
with  Pg*  “  Pg*^  in  every  case  but  one. 

In  general,  the  LSQT  measures  ignition 
thresholds.  Its  test  design  is  supercritical  for 
most  common  explosives  and  for  all  reported 
here.  If  sustained  ignition  occurs  in  an 
explosive  supercritical  (l.e.,  detonable)  in  this 
test,  detonation  will  also  occur.  It  has  been 
suggested  a  number  of  times  in  the  past  that 
the  LSQT  is  an  ignition  test.  Figure  3  confirms 
and  reinforces  that  suggestion. 

Future  work  should  explore  the  sub- 
ignition  reactions  which  occur  between 
and  Pg^  These  seem  most  evident  in  cast  and 
composite  explosives. 
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DISCUSSION 

R.  FREY,  U.S.  Amy  Ballistic 
Research  Laboratory,  Aberdeen 
Proving  Ground,  MD 

The  manner  of  locating  the  point  Pg’  on 
the  second  page  is  not  clear.  Could  you  show 
this  point  on  some  of  the  figures? 

REPLY  BY  J.  FORBES 

To  understand  how  various  thresholds 
are  determined,  look  at  the  representative  fig¬ 
ure  given  below  of  surface  velocity-stress.  The 
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three  threshoIdH  (first  reaction,  sustained 
ignition,  and  detonation,  are  shown 
for  pressed  and  cast  explosives. 

DISCUSSION 

D,  G.  TASKER,  Naval  Surface  Warfare 
Center,  Silver  Spring,  MD 

Your  observation  of  the  "first  reaction" 
point  is  most  interesting.  To  my  surprise,  I 


have  also  found  these  points  on  my  data  (7th 
Detonation  Symposium).  I  originally  dismissed 
these  points  as  being  erroneous,  but  now  . . .  ? 
These  points  really  deserve  Airther  study. 

REPLY  BY  J.  FORBES 

The  authors  agree  with  this  comment  and 
hope  that  further  work  in  the  first  reaction 
re^on  is  pursued, 
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TOWARDS  DEVELOPING  THE  CAPABILITY  TO  PREDICT 
THE  HAZARD  RESPONSE  OP  ENERGETIC  MATERIALS 

SUBJECTED  TO  IMPACT 

C.  8.  Goffeyt  V.  F.  DeVott,  and  D.  L.  Woody 
Naval  Surface  Warfare  Center 
Detonation  Phyaloi  Branch 
Silver  Spring,  Maryland  20908'6000 


The  problem  of  predicting  the  hatard  response  of  energetic  materials  to 
impact  has  long  defied  an  adequate  solution.  At  least  c  part  of  this 
difficulty  has  been  the  lack  of  a  clear,  scientifically  sound 
understanding  of  the  impact  ignition  and  reaction  growth  processes, 
Recently,  enough  of  an  understanding  of  these  processes  has  been 
gained  that,  while  still  lacking  in  many  details,  indicates  that  it  should 
be  possible  to  predict  the  hasard  response  of  an  energetic  material 
subjected  to  a  wide  range  of  different  impacts  on  the  basis  of  the 
resporwe  of  the  material  to  a  few  carefully  chosen  small-scale  tests. 

This  paper  presents  three  different  drop  weight  impact  tests  that 
provide  data  that  may  make  it  possible  to  predict  ignition  behavior  due 
to  an  arbitrary  impact  and  establish  the  probable  reaction  violence. 
Further,  they  demonstrate  that  for  most  energetic  solids  the  ignition 
process  is  a  discontinuous  one  and  that  the  ever  present  large 
fluctuations  in  the  impact  response  are  endemic  to  explosive  materials. 


INTRODUCTION 

The  inability  to  predict  the  hazard 
response  of  propeiiants  or  expiosives  to  impact 
ia  a  mi^or  and  serious  problem.  This  concern 
ranges  over  the  entire  spectrum  of  possible 
impact  events,  from  the  inevitable  minor 
impacts  incurred  during  routine  handling 
tlirough  to  much  more  violent  accidental 
impacts  and  on  ultimately  to  the  response  of 
these  materials  to  bullet  or  fragment  attack. 

The  wide  range  of  possible  impact 
stresses  and  the  seemingly  bewildering  array 
of  possible  material  responses  to  these  impacts 
has  proved  to  be  extremely  difficult  to  under¬ 
stand,  analyze  and  predict,  It  has  become 
prohibitively  expensive  to  perform  a  sufficient 
number  of  large-scale  Impact  tests  to  reliably 
establish  the  hazard  risks  ascociated  with  a 
particular  propellant  or  explosive  formulation. 
This  same  lack  of  understanding  of  the  impact 


ignition  process  has  prevented  a  proper  under¬ 
standing  of  the  small-scale  laboratory  type 
impact  tests  and  has  frustrated  attempts  to 
understand  the  results  of  the  large-scale  tests 
in  terms  of  the  results  of  small-scale  tests. 

For  several  years  now  at  NSWC  there  has 
been  an  effort  to  understand  the  initiation  and 
growth  of  reaction  in  expiosives  and  propel¬ 
lants  subjected  to  impact.  A  part  of  this  effort 
has  been  devoted  towards  establishing  the 
fundamental  quantum  mechanical  basis  for 
the  energy  localization/hot  spot  formation 
process  that  occurs  during  impact.  Coupled 
with  this  has  been  an  experimental  effort  to 
provide  proof  and  direction  to  the  theoretical 
effort,  and  to  extend  this  fundamental  under¬ 
standing  to  predict  the  behavior  of  real  ener¬ 
getic  materials  during  impact.  The  purpose  of 
this  paper  is  to  provide  a  summary  of  our 
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efforts  to  date  to  predict  the  behavior  of  expio- 
sives  and  propellants  subjected  to  impact  on 
the  basis  of  results  from  small-scale  tests.  The 
results  of  the  theoretical  research  are  given 
elsewhere.^  This  theoretical  understanding, 
however,  provides  the  basis  for  understanding 
the  experimental  results  and  for  establishing 
the  approximations  on  which  the  predictive 
capability  is  founded.  The  two  efforts  are  com¬ 
plementary  and  neither  is  adequate  to  stand  by 
itself. 

ENERGY  LOCALIZATION  AND 
HOT  SPOT  FORMATION 

It  has  long  been  recognized  that  during 
impact  or  shock  ignition  of  energetic  crystal¬ 
line  solids  some  form  of  energy  localization 
must  occur  to  focus  the  energy  of  the  impact  or 
shock  into  small  regions  of  the  sample 
material.  This  phenomenon,  referred  to  as  hot 
spots,  is  most  easiiy  shown  in  energy  balance 
experiments  where  ignition  can  occur  in 
impacted  crystals  at  energy  levels  that  are 
insuf^cient  to  raise  the  bulk  temperature  of 
the  sample  more  than  a  few  degrees  k,  which  is 
far  less  that  the  bulk  Ignition  temperature.  A 
number  of  processes  have  been  suggested  as 
the  cause  of  this  energy  localization.^*^  The 
most  well  developed  of  these  is  that  of  adia¬ 
batic  compression  of  gas  within  voids  in  the 
solid.  This  hypothesis  is  inadequate  because 
during  most  impacts  of  interest  the  pressure  is 
insufficient  particularly  at  the  moment  of 
ignition,  and  the  voids  are  either  too  small  or 
nonexistent  to  achieve  the  temperature  neces¬ 
sary  for  ignition.  It  has  been  demonstrated 
that  shear  is  a  controlling  stimulus  at  low  level 
impacts.^  There  is  some  evidence  that  shear  is 
essential  to  shock  ignition  us  well,  certainly  it 
is  now  clear  that  pressure  has  only  an  indirect 
role  in  shock  ignition  of  crystalline  explosives.^ 
The  most  logical  mechanism  to  account  for  the 
energy  localization  process  is  that  of  shear 
band  formation  that  appears  to  occur  in  all 
crystalline  solids,  both  inert  and  energetic, 
when  they  undergo  rapid  deformation.  * 

THE  FAILURE  OF  THE  CURRENT 
DROP  WEIGHT  IMPACT  TESTS 

Perhaps  the  simplest  impact  test  is  that  of 
the  drop  weight  apparatus.  To  the  authors* 


knowledge  the  first  such  drop  weight  test  was 
established  in  England  about  1910  by  Rotter.^ 
Later,  in  the  early  1940s,  the  Explosive 
Research  Laboratory  (ERL)  at  Bruceton 
developed  what  has  since  become  the  standard 
drop  weight  impact  test  used  in  the  United 
States.^ 

While  the  general  notion  of  a  drop  weight 
impact  test  appears  quite  simple,  this 
simplicity  is  in  appearances  only.  In  actuality 
the  test  is  quite  complicated  and  these  com¬ 
plications  must  be  taken  into  account  if  the 
test  is  to  be  made  to  yield  useful  data.  The 
major  advantages  of  the  test  are  that  it 
requires  only  small  quantities  of  sample 
material  and  that  it  can  be  easily  and 
inexpensively  made  available  in  most 
iuboratories. 

As  it  is  normaliy  used,  the  drop  weight 
test  hao  a  serious  shortcoming.  The  standard 
drop  weight  impact  test  procedure  seeks  to 
establish  a  drop  height  at  which  ignition 
occurs  in  60  percent  of  the  impacts,  Unfortu¬ 
nately,  this  procedure  inextricably  mixes  the 
plastic  energy  required  to  deform  and  heat  the 
sample  to  ignition  with  the  elastic  energy 
stored  in  the  machine  during  impact.  This 
stored  elastic  energy  subsequently  provides 
the  energy  to  rebound  the  drop  weight.  It  is 
easy  to  show  by  simultaneously  monitoring 
both  the  light  emitted  during  ignition  and  the 
deceleration  of  the  drop  weight  that  the 
50  percent  ignition  level  occurs  at  or  near  the 
point  of  maximum  elastic  energy  stored  in  the 
anvil  drop  weight  system.  For  most  explosives 
and  propeliants  the  olaslic  energy  at  the 
50  percent  point  substantially  exceeds  the 
plastic  energy  localized  in  hoi  spots  required  to 
heal  the  sample  to  ignition.  Attempts  to 
understand  the  60  percont  ignition  drop  weight 
impact  test  data  In  anything  other  than  in  a 
relative  way  will  be  fruitless  unless  this  stored 
eiastic  energy  is  taken  into  account.  Failure  to 
do  so  means  that  the  elastic  properties  of  the 
particular  impact  machine  will  likely  domi¬ 
nate  any  impact  sensitivity  measurements. 

To  overcome  the  shortcoming  of  the 
conventional  drop  weight  impact  tests  in  which 
the  50  percent  go-no  go  drop  height  is 
measured,  we  have  developed  three  different 
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but  complimentary  impact  tests,  These  tests 
measure  the  energy  required  to  initiate 
chemical  reaction  by  the  impact,  the  rate  at 
which  this  chemical  reaction  occurs,  and  the 
amount  of  chemical  energy  released  during  the 
reaction. 

After  a  great  amount  of  searching  for  the 
proper  impact  test  it  became  apparent  that  it 
was  unlikely  that  any  single  laboratory  impact 
test  or  even  a  series  of  impact  tests  will  of 
themselves  adequately  predict  the  response  of 
any  energetic  material  to  all  of  the  kinds  of 
Impacts  it  could  possibly  encounter.  The  best 
that  we  are  likely  to  be  able  to  do  is  to  generate 
a  prediction  of  the  impact  response  of  an 
energetic  compound  based  on  data  obtained 
from  a  few  carefully  chosen  and  carefully 
designed  impact  tests  combined  with  a  truly 
honest  and  correct  theory  of  what  is  occurring 
in  the  material  during  impact.  Tho  less  we 
accept  in  the  way  of  adequate  tests  or  a  correct 
theory,  the  closer  we  move  back  towards  the 
present  impact  test  situation  where  the  stan¬ 
dard  60  percent  point  test  reveals  as  much  or 
more  about  the  Impact  response  of  the 
particular  impact  machine  as  it  does  about  the 
impact  ignition  response  of  the  material  being 
tested. 

THE  NSWC  IMPACT  MACHINE 

Over  an  interval  of  several  years  we  have 
dovoloped  at  NSWC  a  simple  but  very  versatilo 
impact  machine  shown  in  Figure  1.  It  is 
approximately  2  m  high  and  30  cm  wide. 
Figure  (1).  It  has  two  vertical  guide  rods  to 
guide  the  impactor.  Depending  on  the  test,  the 
mass  of  the  drop  weight  cun  range  from  .4  to 
10  kg.  The  free  fall  drop  height  is  only  1.6  m, 
however  impactor  velocities  of  up  to  40  m/s 
(80  m  effective  drop  height)  are  easily  achieved 
using  elastic  shock  cords  to  accelorute  the  .4  kg 
impactor.  The  velocities  are  less  for  the  higher 
mass  impactors. 

The  NSWC  machine  io  designed  to  accom¬ 
modate  many  different  anvil  configurutions 
and  a  variety  of  instrumentation.  In  whut 
follows,  two  different  anvil  designs  are 
employed;  a  simple  flat  anvil  3.176  cm  in 
diameter  for  the  energy  to  ignition  test,  and  a 
cup-like  anvil  to  achieve  the  confined  volume 


impact  for  the  Ballistic  Impact  chamber  (BIC) 
test. 

The  most  convenient  way  to  analyze  this 
or  any  impact  machine  is  to  treat  each 
component,  the  drop  weight,  the  striker  or  drift 
(if  used),  and  the  anvil-base,  as  a  mass 
spring-system.  The  interaction  of  these 
spring-mass  components  during  impact  lends 
itself  to  a  straightforward  analysis  using 
Laplace  transforms.’’^  Summarizing  this  analy¬ 
sis  briefly,  the  natural  frequency  of  each 
elerneht  is  Just  the  square  root  of  its  spring 
constant,  k,  divided  by  its  mass,  m,  (o  » 
(k/m)’^.  The  natural  period  of  the  drop  weight 
impactor  determines  the  duration  of  the 
impact  since  after  one  half  a  period  of  oscilla¬ 
tion  the  impactor  begins  to  rel^und  and  leaves 
the  anvil.  If  a  striker  is  used  its  mass  is 
usually  much  less  than  that  of  the  impactor  so 
that  its  frequency  of  oscillation  is  usually 
much  greater  than  that  of  the  impactor, 
((>>Mtrlk«r>>  (Oimpaotur)'  Because  of  this  the 
striker  introduces  a  higher  frequency  of 
oscillation  superimposed  on  the  response  of  the 
impactor,  The  mass  pf  the  base  anvil  system  is 
typically  much  greater  than  that  of  the 
impactor,  mtnvfl.biM>>  mimpaotor  *0  that 
WinvU.basi<<  «impaotor.  For  this  reason 
usually  the  mass  of  the  base-anvil  system  has 


Figure  1.  NSWC  Impact  Machine 


1246 


little  or  no  influence  during  the  impact.  (The 
standard  ERL  impact  machine  represents  an 
enormous  overkill  in  this  regard  since  the 
mass  of  its  base  is  so  very  much  larger  than  the 
mass  of  the  drop  weight). 

ENERGY  TO  IGNITION 

The  energy  to  ignition  test  avoids  the 
failure  of  the  standard  drop  weight  tost  by 
separating  the  elastic  and  plastic  components 
of  the  impact  energy.  This  is  done  by  taking 
advantage  of  the  energy  flow  during  the 
impact  process.  Speciflcally,  during  the  initial 
phase  of  the  impact  the  kinetic  energy  of  the 
impactor  that  is  transferred  to  the  sample  and 
anvil  system  flows  mostly  into  plastically 
deforming  the  sample  and  very  little  is  stored 
as  elastic  energy  in  the  anvil  drop  weight 
system,  This  is  particularly  the  case  for  soft 
explosive  or  propellant  materials.  To  take 
advantage  of  this  partition  of  tho  transferred 
energy  mainly  into  plastic  deformation  of  the 
sample  early  during  the  impact,  a  high  velocity 
impact  must  be  chosen  to  cause  ignition  of  the 
sample  durihg  the  initial  plastic  deformation. 
The  change  in  the  velocity  of  the  impactor,  Av, 
oau  be  measured  during  the  impact  and  this 
can  be  made  to  provide  the  change  in  the 
kinetic  energy  of  the  impactor  at  the  moment 
of  ignition,  Let  m  be  the  mass  of  the  Impactor, 
Vo  its  velocity  at  the  moment  of  impact  and  Av 
the  change  in  the  velocity  of  the  impactor  at 
the  moment  of  ignition.  The  change  in  the 
kinetic  energy  of  the  impactor  up  to  the 
moment  of  Ignition  is  Just 

AE!= 

=  mV^Av  -  -  m  (Av)®  (1) 

0  2 

Since  no  striker  is  used  in  this  test,  this  energy 
is  divided  between  the  energy  required  to 
plastically  deform  and  heat  the  sample,  Bp^, 
and  the  elastic  energy  stored  in  the  drop 
weight-anvil  system,  Eef.  By  the  above 
argument,  during  the  very  initial  phase  of  the 
impact  most  of  the  energy  transferred  from  the 
drop  weight  goes  into  plastically  deforming  the 


sample,  Bpf  >  >  so  that  early  during  the 
plastic  deformation  phase  of  the  impact 

Ep^  *  m  VqAv  -  j  m  (Av)®.  (2) 

Typically,  during  this  early  phase  of  the 
impact  Av<<  Vo,  so  that  Equation  (2) 
simplifles  further  to 

Bp^«mVQAv.  (3) 

Figure  2  provides  a  schematic  drawing  of 
one  of  several  impact  schemes  that  we  have 
used.  Usually  an  accelerometer,  strain  gage, 
or  a  pressure  gage  was  used  to  n  jasure  the 
deceleration  of  the  impactor.  The  change  in 
the  Impactor  velocity,  Av,  from  the  moment  of 
first  contact  to  the  moment  of  ignition  was 
obtained  by  integrating  the  acceleration  time 
record.  The  moment  of  ignition  was  obtained 
by  using  three  fast  photo  diodes  arranged  120” 
apart  around  the  outside  of  the  anvil  but  level 
with  the  anvil  surface.  In  a  number  of  early 
experiments  photo  diodes  sensitive  to  either 
infrared  or  visible  emission  were  used  to  view 
the  impact  through  a  sapphire  anvil.  In  both 
types  of  experiments  the  results  were  esien* 
tially  identical.  Table  1  lists  the  measured 
energy  required  to  cause  ignition  for  a  variety 
of  impacts  on  an  impact  sensitive  propellant 
like-material  containing  ammonium  perchlo¬ 
rate.  Interestingly,  these  energy  to  ignition 
results  appear  to  be  almost  independent  of 
either  the  mass  or  the  velocity  of  the  impactor. 
In  these  early  experiments  the  mass  of  the 


Figure  2.  Energy  to  Ignition  Teat  Apparatus 
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Table  1.  Energy  to  Ignition  of  Propellant  Like 
Material  Pellet  Samples  (5  mm  dia  x  1  mm 
thick) 


Vo  (m/s) 

AV  (m/s) 

AE  (J) 

Velocity 

Change  in 

Change  in 

Velocity 

impact 
energy  for 
ignition 

a 

1.4 

.073 

1.03 

1.4 

.063 

.88 

1.4 

.065 

.910 

a 

1.4 

.118 

1.66 

2.8 

.03 

.84 

2.8 

.063 

1.47 

2.8 

.0642 

1.8 

L 

A  ^ 

4.43 

443 

.036 

.041 

1.75 

1.8 

5.37 

.023 

1.23 

T 

3.13 

.098 

2.97 

3.13 

.087 

2.666 

3.13 

.079 

2.41 

3.13 

.047 

1.482 

i 

3.13 

.076 

2.31 

3.13 

.065 

1.97 

3.13 

.027 

.84 

3.13 

.039 

1.216 

1 

3.13 

.041 

1.266 

3.13 

.082 

2.56 

3.13 

.086 

2.62 

3.13 

.086 

2.62 

3.13 

.072 

2.24 

90.7 

2.37 

3.42 

167.4 

1.63 

4.37 

16S.8 

.48 

1.30 

169.6 

2.66 

7.2 

? 

69.1 

2.87 

3.17 

I 


are  able  to  record  the  deceleration  of  the 
impactor  up  to  the  moment  of  ignition,  they 
were  always  destroyed  by  the  Aill  force  of  the 
remaining  impact.  Thus  while  the  energy  to 
ignition  was  recorded  early  in  the  destruction 
of  the  force  gages  by  tho  remainder  of  the 
impact  load  makes  this  a  somewhat  expensive 
and  inconvenient  test  for  insensitive 
materials.  Typically,  in  these  high  velocity 
impacts  the  mass  of  the  impactor  was 
approximately  .4  kg  and  the  velocity  of  the 
impactor  at  the  moment  of  impact  was  between 
25  and  36  m/s.  The  maximum  deceleration 
seen  by  the  force  gage  regularly  exceeded 
long’s.  A  number  of  techniques  have  been 
tried  to  limit  this  maximum  deceleration  or  to 
uao  laser  interferometer  or  velocimeter  lech-^ 
niques  in  place  of  the  force  gages  and  while 
these  are  promising  they  are  as  yet  unsatis¬ 
factory,  particularly  for  a  rapid  turn  around 
laboratofy-use  instrument.  The  problem  is  in 
achieving  a  1  percent  or  better  velocity 
measurement  with  an  apparatus  that  can 
survive  the  full  force  of  the  impact. 

Finally,  while  the  ignition  process  is 
fundamentally  an  energy  localization  hot  spot 
process,  in  practice  any  attempt  to  model 
ignition,  especially  In  large  systems,  must  to 
some  degree  Involve  a  computer  code  calcula¬ 
tion.  Elsewhere  we  have  attempted  a  first  pass 
continuum  calculation  invoking  an  effective 
viscosity  to  calculate  the  energy  to  ignition.*^ 
The  approach  determines  an  effective  viscosity 
coefficient  fi'om  the  energy  to  ignition  data. 
This  coefficient  can  be  used  to  calculate 
ignition  in  more  general  impact  situations. 


impactor  was  varied  from  16gm  to  10  kg,  and 
the  Impactor  velocity  from  a  few  m/s  to  nearly 
400  m/s.  The  changes  that  appear  at  the  very 
high  velocity  impacts  may  be  due  to  an 
inadequate  response  time  of  the  gages.  It 
seems  likely  that  in  its  current  form  the  energy 
to  ignition  test  results  are  independent  of  the 
form  of  the  test  apparatus. 

The  technique  has  been  applied  to  deter¬ 
mine  the  energy  to  ignition  of  a  number  of 
impact  insensitive  explosives.  Unfortunately, 
for  these  materials  the  initial  impact  energy 
must  be  so  large  to  cause  ignition  early  in  the 
impact  that,  while  the  force  measuring  gages 


REACTION  RATE  AND  ENERGY 
RELEASED:  THE  BICTEST 

To  be  able  to  predict  the  hazard  response 
of  an  energetic  material  to  impact  it  is  insufll- 
cient  to  obtain  Just  the  energy  required  to 
cause  ignition.  Rather,  in  addition  it  is 
necessary  to  establish  a  measure  of  how  violent 
the  ensuing  reaction  will  be.  This  is  very 
similar  to  the  concept  of  Explosiveness  which 
was  first  developed  by  the  British  in  their 
quest  to  determine  hazard  response.  At  NSWC 
we  have  developed  a  closed  volume  impact  test 
in  which  the  pressure  time  history  and  the 
energy  of  reaction  can  be  determined.  These 
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provide  a  direct  measure  of  the  extent  of 
reaction  and  the  reaction  buildup.  A 
particular  version  of  this  test  known  as  the 
Ballistic  Impact  Chamber  or  BIG  tost  has 
received  considerable  attention  and  will  be 
described  here.  The  BIC  test  uses  a  closed 
volume  Impact  chamber  formed  by  a  cup-like 
anvil,  a  guide  sleeve  insert,  and  a  striker  as 
shown  in  Figure  3.  The  space  between  the 
walls  of  the  cup,  the  guide  sleeve,  and  the 
striker  are  sealed  with  "0”  rings.  Cut  in  the 
walls  of  the  cup  are  two  ports.  Attached  to  one 
is  a  30  cm  long  .177  caliber  gun  barrel  and  to 
the  other  is  attached  a  fast  response  pressure 
gage,  (500,000  hz).  The  confined  impact 
chamber  acts  as  a  breech  ft'om  which  the  hot 
gases  of  the  reacting  sample  can  accelerate  a 
.177  caliber  pellet  along  the  gun  barrel.  The 
work  done  on  the  pellet  by  the  hot  gases  of  the 
reaction  gives  a  measure  of  the  amount  of 
energy  released  by  the  Impacted  explosive  or 
propellant,  The  pressure  gage  measures  the 
pressure  time  development  of  the  reacting 
gases  and  the  energy  of  the  pellet  as  it  exits  the 
barrel. 
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Figure  3,  BIC  Test  Impact  Chamber 


In  order  to  minimize  the  amount  of  effort 
involved  in  a  test  serien,  it  was  decided  to 
establish  a  standard  impact  of  a  ten  kg  mass 
released  from  a  height  of  1.6  m,  A  180  grit 
sand  or  garret  paper  was  used  to  standardize 
and  enhance  the  iViction  of  the  anvil  surface. 
This  combination  of  drop  weight  and  drop 
height  was  found  to  always  initiate  even  most 
of  the  insensitive  TATB  based  materials.  The 
so-called  "Up-Down**  method  of  varying  the 
drop  height  was  not  considered  because  it  has  a 
dubious  meaning  as  was  pointed  out  earlier. 

Our  current  goal  is  to  develop  a  user- 
friendly  test  that  provides  a  maximum  of 
useful  information  with  a  minimum  hassle  to 
the  user.  As  a  result  most  of  the 
instrumentation  in  the  earlier  test  apparatus 
has  been  eliminated,  and  what  has  been 
retained  is  Just  the  pressure  gage  and  an 
occasional  accelerometer,  A  conservative 
design  has  been  selected  which  is  sufilciently 
rugged  to  allow  the  machine  to  undergo 
several  thousands  of  impacts  sustaining  little 
or  no  damage.  As  is  always  the  case,  these 
design  goals  have  been  achieved  at  the  expense 
of  some  compromise  in  machine  versatility  and 
response. 

SOME  RESULTS  FROM  THE 
BIC  TEST 

A  substantial  data  base  of  results  from 
the  BIC  test  has  been  accumulated  for  a  wide 
variety  of  explosives  and  propellants.  In  the 
interest  of  developing  an  efficient  and 
meaningful  test  procedure  we  have  found  it 
necessary  to  conduct  only  ten  impacts  per 
sample  type  to  obtain  reasonable  statistics.  On 
occasion,  when  only  a  limited  quantity  of 
material  was  available,  a  reasonably  complete 
data  set  was  obtained  with  only  five  impacts 
per  sample  type.  All  of  the  BIC  test  results  to 
be  described  here  employed  a  uniform  sample 
size  in  the  form  of  a  pellet  6  mm  in  diameter 
and  approximately  1.26  mm  thick,  and  having 
a  mass  of  40  to  46  mg. 

Because  it  is  a  new  test,  employing 
instrumentation  not  previously  used  in 
explooivo/propellant  impact  testing,  the  BIC 
test  provided  some  new  and  unexpected 
insights  into  the  behavior  of  energetic 
materials  during  impact  induced  Ignition  and 
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the  Bubeequent  reaction.  The  resulte  presented 
here  will  focus  mainly  on  these  new  observa¬ 
tions. 

Perhaps  the  most  singular  and  most 
readily  apparent  result  of  the  BIC  test  is  that 
for  the  majority  of  explosives  and  propellants, 
impact-induced  ignition  is  a  discontinuous 
process.  This  is  illustrated  in  Figure  4  dis¬ 
playing  a  series  of  pressure-time  records  taken 
flrom  the  standard  BIC  test  for  several  dllTerent 
explosive  and  propellant  materials,  In  all  but 
the  most  insensitive  TATB  and  NTO  based 
materials  the  very  initial  reaction  in  the 
pressure-time  records  is  a  rapid,  almost  dis¬ 
continuous  pressure  rise,  Depending  on  the 
material,  this  pressure  rise  rate  can  range 
from  ,A  psl/ps  to  in  excess  of  2000  psi/ps.  This 
discontinuous  pressure  jump  is  most  likely  due 
to  the  sudden  ignition  and  reaction  in  a  large 
explosive  crystal  or  group  of  crystals  located 
near  the  outer  edge  of  the  sample  in  the  region 
of  maximum  shear  and  minimum  pressure 
during  the  impact,  The  occurrence  of  multiple 
pressure  spikes  was  frequently  observed  in 


Figure  4.  Typical  Preaeure-Time  Hecorda  from 
BIC  Teat.  Time  acale  ia  20  pa/diviaion. 


many  samples.  These  are  taken  to  be  an 
indication  of  the  presence  of  a  number  of  large 
crystals  located  throughout  the  sample  and 
which  undergo  sudden  reaction  due  to  the 
impact.  Samples  which  were  deliberately 
seeded  with  several  large  crystals  separated  by 
some  distance  showed  a  series  of  pressure 
spikes  generally  corresponding  In  number  to 
the  number  of  large  crystals  Inserted  into  the 
sample.  Ignition  threshold  experiments  using 
heat  sensitive  fllm^  confirmed  this  result  by 
showing  that  the  number  of  ignition  sites  on 
the  heat  sensitive  film  was  the  same  as  the 
number  of  pressure  spikes  in  the  pressure-time 
records. 

The  pressure-time  data  indicates  that  in 
addition  to  the  sudden  Ignition  in  a  single  or  at 
most  a  few  crystals  there  also  occurs  a  much 
slower  burning-like  reaction.  This  appears  in 
the  pressure-time  records  as  a  slower  pressure 
rise  on  which  is  superimposed  the  much  more 
rapid  pressure  spikes.  For  the  very  insensitive 
explosives  frequently  only  the  slower  burning 
type  reaction  was  observed.  For  most 
materials  it  is  likely  that  the  ignition  of  the 
burning  reaction  is  due  to  the  hot-spot-induced 
reaction  spikes  in  the  larger  crystals  or 
agglomerate  of  crystals. 

In  the  course  of  these  investigations  we 
chose  to  focus  on  two  components  of  the 
pressure-time  data,  the  very  initial  rate  of 
pressure  rise,  dp/dt,  and  the  total  area  under 
the  pressure-time  curve,  as  having  the  most 
relevant  physical  Hignlflcance.  However, 
certainly  other  aspects  of  the  data  may  be 
equally  important.  The  initial  rate  of  pressure 
increase  must  reflect  the  initial  reaction  rate. 
As  such  this  data  gives  seme  information  on 
the  likelihood  of  a  violent  reaction  occurring 
due  to  impact.  The  area  under  the 
pressure-time  curve  is  a  measure  of  the  energy 
released  during  the  reaction.  Depending  on 
the  material,  this  energy  can  range  iVom  a  few 
joules  per  gram  of  sample  to  In  excess  of 
several  hundred  joules  per  gram. 

THE  FLUCTUATIONS 

Bver  present  in  the  pressure-time  data 
are  large  fluctuations.  This  should  not  be 
surprising  since  large  fluctuations  charac¬ 
terize  all  impact  data  from  both  large-  and 
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f^mall-scale  experiments.  What  is  important  is 
that  these  fluctuations  provide  an  insight  into 
the  stability  of  these  materials  to  undergo 
more  violent  reactions  at  higher  energy 
impacts.  Generally  it  is  the  case  that  the  fluc¬ 
tuations  can  be  made  to  yield  valuable  insights 
into  the  underlying  physical  processes,  here 
the  impact-induced  reaction  growth  process. 

Usually,  most  explosives  are  not  totally 
consumed  during  the  standard  BIC  impact- 
induced  reaction.  The  fluctuations  in  energy 
released  during  the  reaction  reflect  this  as 
much  of  the  explosive  in  the  impact-initiated 
sample  has  to  be  scraped  off  the  anvil  and 
discarded  after  the  impact.  This  is  not  the  case 
for  propellants  which  are  designed  to  burn 
completely  and  usually  leave  little  or  no 
residue  on  the  anvil.  In  a  series  of  BIC  impacts 
on  flve  propellants,  all  with  the  same  energy 
content  but  each  with  a  different  binder 
material,  a  total  of  60  testa  were  made.  The 
fluctuation  in  the  energy  released  over  these 
60  impacts  was  less  than  10  percent.  From  this 
data  it  can  be  inferred  that  not  only  was  the 
total  sample  consumed  during  each  of  these 
impacts,  but  that  the  BIC  test  was  able  to 
faithfully  record  the  energy  released  firom  each 
impacted  sample  white  introducing  little 
fluctuations  of  its  own. 

Invariably,  the  initial  rate  of  reaction  as 
reflected  by  the  initial  rate  of  pressure 
increase,  always  shows  larger  fluctuations 
than  the  energy  released  measurements.  In 
part  this  is  because  the  energy  release 
measurements  are  averaged  over  a  much 
longer  time  interval  than  the  measurements  of 
the  initial  pressure  increase. 

A  recent  theoretical  analysis  of  the 
fluctuation  in  the  impact  or  shock  ignition 
process  has  taken  the  approach  that  fur  mild 
impacts  the  very  first  Ignition  occurs  in  the 
larger  single  crystals  or  cluster  of  crystals 
located  In  the  regions  of  highest  shear  in  the 
impacted  sample.^  This  process  is  suggested  in 
both  the  BIC  Initial  reaction  rate  data  us 
illustrated  in  Figure  4  and  our  earlier  heat 
sensitive  film  experiments.^  The  correlated 
ignition  fluctuations  arise  when  there  is  a 
probability  that  one  of  these  initially  reacting 
particles  cun  cause  ignition  in  a  similar 


neighboring  particle  (or  particle  group).  In 
this  picture  the  interaction  at  mild  impacts  is 
mainly  between  particle  pairs,  while  for  higher 
'nergy  impacts  or  shocks  each  particle  may 
interact  and  stimulate  reaction  in  more  than 
Just  one  other  nearest  neighbor  particle.  If  the 
average  reaction  rate  of  the  initial  reaction  is 
due  to  the  Ignition  of  a  single  particle,  the 
maximum  pair  fluctuation  occurs  when  the 
initial  ignition  stimulates  ignition  in  a  similar 
nearby  neighboring  particle.  This  maximum 
fluctuation  occurs  for  interaction  between 
pairs  of  particles  with  nearly  the  same  energy 
for  which  the  fluctuation  in  the  reaction  rate  is 
100  percent  above  the  average  reaction  rate. 

In  Reference  9  it  is  shown  that  the 
fluctuation  In  the  initial  reaction  rate  can  be 
written  as 


dB 
A(  — ) 
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Where  Vin  is  the  volume  of  the  inert  material 
and  V|n/Vo  is  the  volume  iVactlon  of  inerts  in 
the  composition.  The  quantity  t  Is  the  average 
crystal  parilolo  else  while  h  is  an  interaction 
length,  and  also  the  maximum  separation 
distance  between  two  adjacent  particles  whore 
if  one  particle  reacts  it  will  cause  the  other  to 
react. 


Figure  6  shows  both  the  fluctuations  as 
measured  by  the  BIC  test  for  a  number  of 
different  explosives  and  propellants  as  a 
function  of  the  volume  n*actlon  of  inerta,  V|n/Vo 
and  the  predicted  fluctuation  for  Equation  (4). 
The  pair  interaction  hypothesis  predicts  that 
the  maximum  fluctuation  is  of  the  order  of 
unity  (100  percent)  as  V|n  *-»0.  On  this  basis 
the  ratio  h/f  was  determined  to  be  h/f  :=  .076 
which  is  not  an  unreasonable  value.  More 
importantly,  the  fluctuation  data  in  Figure  6  is 
almost  entirely  loss  than  unity  which  supports 
the  hypothesis  that  for  mild  impact,  such  as 
Iho  BIC  test,  only  correlations  between  pairs  of 
porticles  are  Important.  If,  however,  for  some 
reason  the  correlated  interactions  extend 
beyond  nearest  neighbor  pairs  to  include 
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Figure  6.  Fluctuatione  ae  a  Function  of  Volume  Fraction  of  Inorta  for  Some  Representative 
Exploaivea,  Each  data  point  represents  on  average  at  least  10  test  results, 


additional  particles,  then  the  system  becomes 
unstable  bocauso  now  a  reacting  particle  will 
Btimuluto  on  average  mure  than  one  additional 
particle  causing  it  to  react,  Each  of  those 
particloB  can  in  turn  stlmulato  two  or  more 
others  co  that  a  runaway  reaction  can  develop. 
In  Figure  6  only  ono  set  of  data  points  labeled 
WO'Q  has  shown  fluctuations  significantly 
above  unity.  Material  similar  to  this  has  been 
associated  with  violent  pressure  excursions  on 
two  of  the  three  occasluns  in  which  it  under¬ 
went  a  normally  benign  pressing  operation  at 
NSWe.  In  light  of  these  relatively  large 
fluctuations,  the  validity  of  the  often-used 
Bruceton  "up-down"  method  to  obtain  a 
60  percent  go-no  go  level  needs  to  be 
reconsidered.  Implicit  in  the  "up-down"  anal¬ 
ysis  is  the  assumption  of  a  unilbrm  response 
which  is  not  the  case.  The  go-no  go  problem  is 
compounded  by  the  fluctuation  in  the  level  of 
response  that  is  accentuated  at  the  60  percent 
threshold  level  and  this  must  bo  taken  into 
account. 

One  of  the  advantages  of  this  fluctuation 
approach  is  that  it  brings  a  step  closer  the  abil¬ 
ity  to  predict  the  response  of  a  larger  charge  to 


an  arbitrary  impact  if  the  BIG  data  for  the 
average  initial  reaction  rate  and  its  fluctuation 
are  known.  Reference  9  shows  that  the  maxi¬ 
mum  reaction  rate  can  be  approximated  as 


dt 


dB 

«  <  , 
Max  dt 


2  dB  \ 
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where  A(dR/dt)/<dE/dt>  is  given  by  Equa¬ 
tion  (4)  and  <dB/dt>  is  the  average  initial 
reaction  rate.  The  approximation  given  in 
Equation  (6)  is  Just  the  sum  of  the  first  few 
terms  in  a  series  summed  over  all  of  the  react¬ 
ing  particles  in  the  ignited  material,  Those 
first  few  terms  give  a  reasonable  estimate  of 
the  initial  rate  of  the  reaction  due  to  impact 
initiation.  A  knowledge  of  the  dependency  of 
the  Interaction  distance  h  on  the  energy  and 
rate  of  application  of  the  stimulus  would  allow 
an  evaluation  of  these  terms  for  an  arbitrary 
Impact  and  give  an  estimate  of  the  rate  of 
reaction  buildup.  The  reaction  rate  of 
Equation  (6)  can  be  cast  into  a  form  that  can 
directly  utilize  the  small  scale  BIG  test  data  by 
writing 
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where  6  is  the  experimentally  measured 
fluctuation  in  the  rate  of  reaction.  Even  with 
only  the  pair  fluctuations  of  the  mild  impact  of 
the  BIG  test,  the  BIG  reaction  rate  data  as 
reflected  by  the  rate  of  pressure  buildup  when 
substituted  into  Equation  (6)  gives  a  good 
ranking  of  the  relative  hazards  of  a  number  of 
different  explosives  in  bullet  impact  tests 
involving  large  explosive  charges. 

SOME  FUTURE  PLANS 
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An  BDC36  donor  chargt,  line  initiated,  wae  used  to  ahock  an  acceptor 
charge  through  various  inert  harriers. 

The  system  tvas  confined  hy  walls  of  polyethylene  and  mild  steel,  with  a 
PMMA  window  bonded  to  the  remote  end  of  the  receptor,  It  was 
illuminated  hy  argon  flash  bombs  and  viewed  by  a  framing  camera. 
Piezoelectric  probes  also  monitored  wave  arrival  times, 

Shota  with  a  viewing  window  parallel  to  the  barrier  had  acceptor 
charges  120  mm  long.  An  angled  acceptor  charge  of  length  18  -  40  mm 
was  used  to  monitor  the  development  of  shock  effects. 

During  the  run  to  detonation,  small  dark  areas,  postulated  to  be  sites  of 
local  reaction,  were  seen  in  the  wake  of  the  shock.  They  did  not  grow 
significantly  after  the  shock  passed,  but  the  increase  in  number  and 
size  is  associated  with  increased  wave  velocity  and  pressure. 

In  these  experiments,  detonation,  once  started,  did  not  propagate  hack 
through  the  pre-shocked,  partially  reacted  part  of  the  charge. 


INTRODUCTION 

This  paper  dcccriboB  the  direct  time 
resolved  observation  of  localized  changes  In  an 
Insensitive  high  explosive  which,  It  Is  postul¬ 
ated,  indicate  the  way  In  which  isolated  and 
short-lived  reactions  contribute  to  the  general 
growth  of  the  pressure  amplitude  us  a  shock  In 
a  heterogeneous  explosive  runs  to  detonation. 

To  study  visual  efructs  In  shocked 
charges,  an  Insensitive  high  explosive,  EI)C36, 
was  chosen  to  provide  a  relatively  expanded 
region  between  shock  input  face  and  the  onset 
of  full  detonation.  IilOC36  contains  96  weight 
percent  TATB  and  6  percent  KelF,  and  the 
charge  density  was  1 .90  Mg/m^. 

Gas  gun  Impact  Is  a  most  reliable  method 
of  generating  characterized  shocks,  but  It 
suflers  from  the  limitation  on  bore  size  and 
area.  The  larger  area  available  In  explosively 


generated  experiments  was  chosen  as  more 
appropriate  for  the  anticipated  large  "run  to 
detonation"  (RTD)  distance.  The  pressure 
pulse  from  detonation  of  one  charge  (the  donor) 
was  attenuated  by  an  Inert  barrier,  and  passed 
into  a  second  charge  (the  acceptor)  in  which  the 
effects  were  to  be  studied. 

METHOD 

In  all  experiments,  an  EI)C36  donor 
charge  was  detonated  at  a  76  mm  x  23  mm  face 
by  a  line  initiator  of  length  76  mm  (see  Fig¬ 
ure  1).  At  the  opposite  end  of  the  slab,  an 
EI)C36  acceptor  charge,  also  23  rnm  In  thick¬ 
ness,  was  shocked  by  the  wave  transmitted 
fl'om  the  donor  to  the  acceptor  via  an  inert 
barrier.  The  sides  of  the  charges  and  barrier 
were  confined  by  thin  polyethylene  and  10  mnn 
thick  mild  steel  plates,  the  polyethylene  being 
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present  to  reduce  possible  atypical  elTects  due 
to  stronger  shock  reflections  from  the, metal 
sides.  Conflnement  stopped  6  mm  short  of  the 
end  of  the  acceptor,  creating  a  gap  to  prevent 
direct  shock  transmission  into  an  end  viewing 
window.  This  was  a  sheet  of  PMMA  40  mm 
thick  and  optically  transparent.  To  avoid  self- 
luminous  air  shock  interfering  with  observa¬ 
tion,  the  PMMA  was  bonded  to  the  charge 
surface  with  0.1  mm  of  Sylgard.  Illumination 
was  by  argon  filled,  explosively  driven  flash 
bombs. 

The  main  diagnostic  used  was  a  Barr  and 
Stroud  C6  framing  camera,  capable  of  up  to 
115  frames  with  a  framing  interval  of 
0.14  microsecond,  focussed  on  the  face  of  the 
charge  covered  by  the  PMMA.  The  images 
were  recorded  on  Pitjl  HR400  color  film  with 
standard  processing.  Piezoelectric  probes  were 
used  to  monitor  wave  arrival  times,  e.g.,  at  the 
donor/barrier  interface  and  at  the  acceptor/ 
PMMA  interface. 

Shots  1016  and  1019  had  an  acceptor 
length  of  120  mm  with  the  PMMA  window 
parallel  to  the  barrier,  as  in  Figure  1(a)  and 
Kb)  respectively.  The  remaining  shots  had  the 
"angled”  design  in  which  the  acceptor  face 
viewed  by  the  camera  was  cut  at  an  angle  to 
the  face  in  contact  with  the  barrier,  so  that  the 
progress  of  the  shock  could  be  followed  from  an 
acceptor  thickness  of  18  mm  through  to  40  mm. 

A  range  of  barrier  designs  (see  Figure  2) 
was  used  to  give  a  range  of  shock  pressures  in 
the  acceptor  and  all  experiments  were  at 
ambient  temperatures,  1 6  to  20'’C  before  firing. 


P/U  FOAH 


30 


18 


P/U  FOAM  COPPER 


COPPER 


NICKEL  TURE 


P/U  ■  POLYURETHANE  FOAH,  DENSITY  OOg/cc, 
OVERALL  DENSITY  OF  NICKEL  TUBE 
BARRIER  4>7g/ee 

EXPLOSIVE 

ALL  DIMENSIONS  IN  MILLIMETRES 
Figure  2.  Harriers 


RESULTS 

Fach  angled  experiment  yielded  20  or 
more  Time  vs.  Distance  points  for  the  wave 
propagation  through  the  acceptor  charge 
(between  18  and  40  mm  from  the  barrier). 
Superimposing  all  the  plots  in  Figure  3,  it  can 
be  seen  that  if  we  discount  their  non-linearity 
which  is  caused  by  curvature  of  the  wavefront, 
their  slopes  alter  in  accord  with  the  changes  in 
appearance  of  the  shucked  acceptor  charge,  in 
the  following  order  (see  Figure  4): 

(a)  uniform  color. 


(b)  a  few  discreet  small  areas  of  darken¬ 
ing,  which  do  not  grow  significantly  with 
time,  i.e.,  are  "frozen,” 

(c)  many  and  merging  areas  of  darkening 
which  do  not  grow  significantly,  and 

(d)  dark  detonation  products. 

This  general  association  of  increased 
shock  velocity  with  the  proliferation  of  the 
small  sites  of  darkening  suggests  that  the 
latter  are  isolated,  reacted  Hot  Spots  whose 
growth  has  been  arrested.  Their  isolation  has 
allowed  direct  observation. 
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appearance 

( SEE  PI0.4  ) 


Fiffuri!  3.  Wave  Propagation  in  EDC35 


From  Ihe  middle  pari  of  each  plot,  shock 
velocilifiB  were  derived  and  corresponding 
shock  pressures  calculated  using  Reference  1 
reactions  for  PBX  9602  of  initial  density 
1.895  gem’’; 

U,  =  1,392  +  6.164up  2.422u,;'^  +  0,6616up3 
(0.6  <  Up  <  1.2  mm.ps'M 

U,  =  2.938  +  l.77up(1.2<  Up  <  2,33  mni.ps  ’) 

(U,  shock  velocity,  Up  particle  velocity) 

This  is  an  approximation  in  the  absence 
of  unreacted  shock  Hugoniot  data  for  FI)C36  of 
density  1.90  gem®. 

Examples  are  listed  in  Table  1 ,  In  which 
"A"  is  a  subjective  estimate  of  the  fractional 


area  of  charge  surface,  which  is  darkened  at 
the  mean  thickness  (29  mm)  of  the  angled 
charges,  and  "v”  is  the  volume  fraction  of 
darkening,  assuming 

V  =  A’® 

Both  are  expressud  as  porcoiUuges  in 
Tablet. 

In  Sh<»t  1012,  the  shuck,  al'l(!r  guneraling 
multiple  sites  of  local  reaction,  llnally  runs  to 
detonation  (at  35  mm  from  the  barrier)  which 
then  propagates  forward  to  the  end  of  the 
wedge  of  acceptor,  but  which  does  not  transmit 
backwards  into  the  preshocked  part  of  the 
charge.  The  shocked  parts  of  the  acceptor 
charge  containing  the  "frozen"  areas  of 


1256 


(a)  No  spots 


(b)  Discrete  spots 


(c)  Merging  spots  (d)  Detonation 


Figure  4.  Types  of  Appearance  of  Shocked  EDC35 


Table  1.  Shock  Pressure  vs.  Reacted  Volumes 


SHOT 

1017 

1011 

1014 

1012 

1013 

1016 

Ugmm.p&i 

37/4.0 

4.1/4,6 

4.6/6.0 

6.3/6.8 

6.6/8.0 

6.6/8. 1 

Up  rnm.pB-* 

0.69/0,70 

0.70/0.91 

0.96/1.17 

1.34/1.62 

* 

*  j 

PQFa 

4. 1/6.3 

6,7/7,7 

8.3/11.0 

13.4/17.7 

* 

« 

Appearance 

(a) 

(b) 

(b) 

(0 

(d) 

(d) 

\% 

0 

1.2 

2.4 

37 

100 

100 

V% 

0 

0.1 

0.4 

22 

100 

100 

*Full  detonation  (unreacted  llugoniot  not  appropriate) 


reaction  are  seen  to  survive  virtually  unchang¬ 
ed  for  at  least  another  10  microseconds  after 
detonation  starts. 

There  is  some  evidence  that  the  appear¬ 
ance  of  the  small  areas  of  reaction  may  be  an 
indicator  of  whether  a  shock  will  eventually 
run  to  detonation; 

(i)  In  Shot  1017,  no  reacted  sites  are 
seen.  In  Shot  1019  which  had  an  identical 
barrier,  i.e.,  similar  shock  input  but  a 
much  longer  acceptor  charge,  120  mm, 
the  shock  did  not  run  to  detonation. 

(ii)  In  Shot  1014  (see  Figure  4b),  frozen 
areas  of  reaction  occupy  a  few  percent  of 
the  visible  area.  In  Shot  1016,  which  had 
an  identical  barrier  but  a  120  mm 
acceptor  charge,  the  shock  ran  to  det¬ 
onation,  presumably  somewhere  between 
40  and  120  mm. 

(iii)  Reference  2  suggests  that  “about 
7.6  QPa*'  is  the  minimum  shock  pressure 
needed  to  shock  initiate  detonation  in 
TATB,  i.e.,  at  about  the  level  of  Shot  1011 
where  a  few  isolated  reaction  sites  are 
seen. 

CONCLUSIONS 

The  observations  show  clear  evidence 
that  small  areas  of  local  darkening  are  visible 
immediately  after  a  shock  of  suflleient  ampli¬ 
tude  passes.  These  areas  neither  grow  (at  a 
signincant  rate)  nor  multiply  with  time  at  a 
given  location  in  the  charge,  but  as  the  shock 
pressure  increases,  more  and  larger  areas  are 
created.  Oreater  profusion  of  these  features  is 
associated  with  increased  wave  velocity,  and 
they  are  deduced  to  be  areas  of  localized 
reaction  in  the  explosive,  or  "Hot  Spots”  which 
fail  to  propagate  ("freeze”)  before  the  RTU 
conditions  are  reached.  There  is  also  evidence 
that  when  detonation  does  start,  the  pre¬ 
shocked,  partially  reacted  part  of  the  chargo 
does  not  support  detonation,  i.e.,  the  det¬ 
onation  does  not  propagate  in  the  reverse 
direction.  This  is  in  accord  with  many  other 
such  observations  of  shock  desensitization;  see 
for  example  the  review  and  observations  by 
Campbell  and  Travis  in  Reference  3. 


DISCUSSION 

Proper  correlation  of  the  appearance  of,  or 
concentration  of  fVozen  Hot  Spots  with  event¬ 
ual  run  to  detonation  awaits  further  work,  so 
the  conclusions  must  be  highly  speculative,  but 
this  limited  investigation  has  yielded  an 
observation  of  what  the  authors  currently 
believe  to  be  the  source  of  the  energy  which 
amplifies  the  pressure  of  a  shock  moving 
through  a  heterogeneous  explosive  during  its 
run  to  detonation.  That  is,  a  direct  observation 
of  the  number  of  the  potential  Hot  Spots  in  the 
charge  which  react  and  feed  energy  to  the 
shock  flront,  but  which  individually  fail  to  pro¬ 
pagate  further,  leaving  small  areas  of  reaction 
products  "Arozen”  in  the  body  of  the  charge, 
More  of  the  potential  Hot  Spots  appear  to  react 
as  the  shock  strength  builds,  although  this  is 
an  average  observation  and  anomalies  are 
visible  in  the  results  where,  for  example  in 
Shot  1012,  there  appear  to  be  many  and 
merging  areas  of  reaction,  followed  by  fewer 
areas,  followed  by  full  detonation. 

Nevertheless,  observations  of  this  kind  on 
a  range  of  explosives,  using  better  charac¬ 
terized  shocks  or  compression  waves,  could 
assist  construction  and  calibration  of  reaction 
models  of  detonation.  They  also  make  possible 
a  study  of  the  influence  of  artificial  hetero¬ 
geneities  in  a  given  explosive  by  introducing 
known  concentrations  of  characterized  cavi¬ 
ties,  defects,  particles,  etc,,  complementing  the 
established  Lagrangian  gauge  methods,  which 
measure  the  average  effects  of  the  local  reac¬ 
tions  seon  here. 
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DISCUSSION 

ALI  AN  ANDERSON 

Los  Alamos  National  Laboratory 

Is  it  known  that  PMMA  becomes  opaque 
under  shock  loading  (admitted  at  higher 
pressures)?  The  rate  of  this  process  Is  probably 
not  known.  Have  you  dohe  the  control 
experiment-PIace  an  inert  material  such  as 
aluminum  beneath  the  PMMA;  better  yet,  an 


inert  match  to  EDC36?  This  would 
demonstrate  that  the  effect  is,  in  fact,  from 
EDC36. 

REPLY  BY  R,  A«  BELCHER 

Although  Chhabildas  and  Asay  have 
reported  loss  of  transparency  between  23  and 
26  QPa  and  our  maximum  pressure  in  the 
EDC36  was  13.2/16  QPa  corresponding  to 
PMMA  pressure  of  around  12  QPa,  we  have 
much  evidence  in  these  rounds  that  trans¬ 
parency  was  unaffected.  However,  like  you,  we 
felt  that  a  control  experiment  was  necessary, 
but  as  a  check  that  the  thin  layer  Sylgard 
between  the  EDC36  and  the  PMMA  was  not 
itself  reacting  and  producing  the  dark  patches 
observed.  In  January  and  August  1989,  we 
fired  control  experiments  which  subjected  a 
Sylgard  layer  between  slabs  of  PMMA  to 
pressures  of  10  to  20  QPa  and  no  darkening 
was  seen. 
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DEFORMATION  AND  SHOCK  LOADING  STUDIES  ON 
SINGLE  CRYSTALS  OF  AMMONIUM  PERCHLORATE 
RELATING  TO  HOT  SPOTS 


H.  W.  Sanduaky,  B.  C.  Glaney,  and  D.  W.  Carlaon 
Naval  Surface  Warfare  Canter,  White  Oak 
SUver  Spring,  Maryland  20908*6000 

and 

W.  L.  Blban 
Loyola  College 
Baldmore,  Maryland  21210 

and 

R.  W.  Armetrong 
Univercity  of  Maryland 
Collega  Park,  Maryland  80742 


A  microicopic-icale  ntudy  of  ih%  roU  ihedcrytUnl  diftcU  hai>§  In  forming 
hot  tpot$  during  thoek  loading  kdi  commenced  for  large,  optical 
quality,  pure  tingle  eryttalt  of  ammonium  perchlorate  (AP),  The 
cryetale  were  immerted  in  mineral'  oil  at  mrioue  dlctancei  from  a 
detonator  that  provided  the  thoek.  The  email  expletive  donor  perfnitted 
recovery  of  the  eryttalt  for  quantitative  chemical  analytit  ofdeeompotl’ 
tion  and  microindentation  hardnett  tenting.  Hardnett  tetting  wot  alto 
performed  on  an  unshocked  crystal  to  determine;  (1)  the  slip  tyttemt 
aesociated  with  primary  and  secondary  deformation  in  accommodating 
the  indentation,  and  (2)  the  propagation  directions  at  the  surface,  at 
well  (U  into  the  crystal,  of  associated  crawks,  Slip  and  cracking  systems 
identified  by  hardnett  tetting  were  observed  in  high-speed  photographs 
of  the  shock-loaded  cryetale.  Some  of  the  systems  were  luminous.  In 
addition,  when  a  crystal  with  a  large  indentation  was  shocked  near  its 
reaction  threshold,  significant  light  appeared  in  the  vicinity  of  the 
indentation  following  shock  passage.  At  such,  preferred  chemical 
reactivity  inAPhas  been  associated  with  its  deformation  systems  and 
the  pretence  of  large  strain  centers. 


INTRODUCTION 

A  number  of  yean  ago,  the  formation  of 
"hot  ipots"  was  proposed  and  experimentally 
verified  ax  occurring  in  energetic  materiale  in 
response  to  mechanical  forces,  such  as  those 
from  impact.*  Circumstances  where  hot  spots 
occur,  suggest  that  their  origin  is  closely 
connected  to  the  microstructure  end  allied 
deformation  properties  of  the  energetic 
material.  There  is  also  experimental  evidence 


indicating  thot  crystalline  explosives  have 
microstrutitural  properties  that  influence  their 
shock  sensitivity.  This  was  observed  on  a 
macroscopic  scale  by  Green  and  James^  in 
small-scale  gap  tests  on  cyclotetramethylene- 
tetranitramine  (HMX)  formulations  made 
from  crystals  of  differing  quality.  For 
pentaerythritoltetranitrate  (PBTN),  Dick^ 
determined  that  microscopic  damage  from 
gamma  radiation  enhanced  the  shock 
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Bengitivity  of  single  crystals  over  that  of  reU- 
Hvely  defect-free  crystals.  In  addition,  the 
shock  sensitivity  of  the  latter  crystals  was  a 
function  of  orientation,  indicating  that  shock- 
induced  defects  depend  on  the  lattice  arrange¬ 
ment.^  To  date,  however,  no  work  has  been 
reported  that  spatially  relates  sites  of  micro- 
structural  imperfection  to  enhanced  chemical 
reactivity  as  an  energetic  material  is  impacted 
or  shocked. 

The  present  study  is  a  beginning  effort  to 
determine  the  role  of  material  microstructure 
in  chemical  reactivity  and  dynamic  deforma¬ 
tion  of  single  crystals  of  energetic  materials 
subjected  to  shock.  The  results  of  high-speed 
photographs  are  integrated  with  matorial  prop¬ 
erty  measurements  and  chemical  analyses, 
both  of  which  were  performed  before  and  after 
shocking  the  crystals.  Ammonium  perchlorate 
(AP)  was  chosen  for  this  study,  in  part,  because 
of  its  widespread  use  as  an  oxidizer  ingredient 
in  solid  propellants  and  explosives,  In  addi¬ 
tion,  the  thermal  decomposition  behavior  is 
well  understood,  and  the  deformation  behavior 
has  been  studied  to  some  extent  by  other 
investigators,^'^  providing  valuable  reference 
information  for  current  deformation  studies. 
In  drop-weight  impact  tests  reported  by 
Heavens  and  Field,^  AP  ignited  coincident 
with  a  sharp  drop  in  the  pressure-time  curve, 
much  like  the  result  for  cyolotrlmethyleno- 
trinitramine  (Rl)X).  Macok  and  Ourfee^  deter¬ 
mined  the  threshold  for  shock-induced  reaction 
in  pressed  AP  with  13  percent  porosity  by 
measuring  weight  loss  of  sealed  samples  that 
had  been  impacted  by  a  gun  projectile  (260  to 
700  m/s).  Relative  to  explosive  crystals  such  as 
HMX,  PBTN,  and  RDX,  local  reaction  sites  in 
AP  are  more  likely  to  quench  without 
destroying  the  crystal.  This  suggests  the  feasi¬ 
bility  of  studying,  perhaps  on  a  microscopic 
scale,  the  role  that  crystal  defects  have  in 
forming  hot  spots  and  in  enhancing  shock 
reactivity  in  AP. 

EXPERIMENTAL  APPROACH 

Largo  (>  1  cm),optlcalquality,  pure  single 
crystals  of  AP  were  provided  by  T.  Boggs, 
Naval  Weapons  Center,  China  Lake,  CA.  AP 
has  an  orthorhombic  unit  cell  with  a  crystal 
density  of  1 .96  g/cc.  The  drawing  in  Figure  1  is 


Figure  1,  Scale  Drawing  of  Cleaved  AP  Single 
Cryetal  Ueed  in  Aflcroindentation  llardneaa 
Teata 

for  a  typical  cleaved  crystal,  showing  size  and 
shape  along  with  cleavage  surfaces  and  major 
crystallographic  directions.  The  plastic  defor¬ 
mation  and  fracture  behaviors  of  AP  were 
investigated  by  putting  diamond  pyramid 
(Vickers)  microindentations  into  the  (2 10)  and 
(001 )  cleavago  surfaces  of  the  crystal,  as  shown 
in  Figure  I.*  Hardness  results  on  the  (001) 
surface  will  be  vmphaslzed  in  order  to  relate  to 
shock  loading  observations  obtained  for  the 
seme  surface. 

Shock  experiments*  were  conducted  on 
relatively  small  crystals  of  AP  ( <  0.6  g)  that 
were  cleaved  IVom  a  larger  crystal,  as  indicated, 
for  example,  In  Figure  1.  Each  crystal  was 
immersed  in  mineral  oil  and  shocked  by  a 
detonator  (Reynolds  RP-80)  at  a  known 
separation  distance.  The  Reynolds  RP-80  uses 
an  exploding  bridgewire  to  initiate  78  mg  of 
PETN,  which  in  turn  initiates  124  mg  of  RDX 
with  binder.  In  the  particular  type  of  RP-80 
that  was  used,  the  explosive  components  are  in 
a  Oelrin  sleeve  which  does  not  cover  the  output 
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«nd  of  the  detonator;  that  end  wae  eealed  from 
the  oil  with  a  light  coat  of  Duco  cement.  Thus, 
the  detonator  waa  much  like  a  small  donor 
charge  with  little  confinement.  The  experi> 
ments  were  confined  in  a  0.9  liter  steel 
chamber  that  has  windows  for  photography 
and  illumination  (Figure  2).  Both  a  rotating 
mirror  streak  camera  and  an  Imacon  electronic 
camera  have  been  used  with  backlighting  (Vom 
an  electronic  flash.  The  crystal  either  rested 
on  a  piece  of  oil-soaked  polyurethane  foam  or 
was  supported  above  a  piece  of  foam  by  tape 
(0.06  mm  thickness).  This  arrangement 
allowed  recovery  of  the  crystal  for  subsequent 
chemiccl  analysis  and  hardness  testing, 
without  obstructing  the  view  of  the  camera. 
About  100  mg  of  most  recovered  samples  were 
analysed  by  liquid  ion  chromatography  for  the 
concentrations  of  Cl' ,  ClOa  * ,  NOa ' ,  and  NOa  ‘ . 

The  shock  experiments  were  calibrated  for 
peak  pressure  in  the  oil  versus  distance  firom 
the  detonator  (Figure  3).  In  a  separate  experi¬ 
ment,  a  rotating  mirror  streak  camera  was 
used  to  measure  precisely  shock  position  versus 
time,  which  was  differentiated  to  obtain  shock 
velocity.  A  Hugoniot  for  heavy  mineral  oil, 
density  (po)  of  0.87  g/cc,  was  reported  for  the 
range  of  16  to  160  kbar  (U  «  2.18  4*  1.63  u. 


Figure  3.  Calibration  of  Peak  Shock  Preeeure  in 
MlneralOll  Versus  Dhtance  firom  thsDeionaior 


where  “U”  is  the  shook  velocity  and  "u"  is  the 
particle  velocity,  both  in  units  of  mm/ps),‘° 
Since  pressures  of  less  than  16  kbar  were  of 
interest,  this  Hugoniot  was  extrapolated  to  the 
1.46  mm/ps  sound  velocity  (cq)  for  mineral  oil 
with  the  equation 

U/Co  -  1  >603  -  0.603  exp  (-6  u/Co)  -I-  1 .63  u/Oq, 


Hmm  DM  X  127hm  UMO  CHAMBER 

\Xfm  HALF  OF  CHAMBER  UNED 

Wmt  BUBBLE  PACK,  NOT  BHOWN 


Figure  2.  Closed  Chamber  for  Photography  of  Shock  Heaction  in  Small  Samples 
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using  an  approach  similar  to  that  in  Reference 
1 1 .  With  that  modlfled  Hugoniot  and  the  experi¬ 
mental  measurements  of  U,  shock  pressures  in 
the  oil  were  calculated  using  the  Jump  equation, 
Poii(kbar)  =  10  Po  U  u.  The  AP  Hugoniot  used 
for  matching  the  shocks  in  the  oil  and  the 
crystal  was  U  s  2.84  +  1.6  u.  A  reported 
Hugoniot,  U  s  2.84  +  2  u,^’^  is  consistent  with 
a  2.84  mm/ps  bulk  sound  speed  in  AP;^^ 
however,  shock  data  for  prossed  AP  (1.92  g/cc) 
at  156  and  178  kbars^^  was  best  fit  with  a  slope 
of  1,6  in  the  U  versus  u  relationship. 

MICROINDENTATION  STUDIES 
(UNSHOCKED  CRYSTAL) 

Micrographs  of  a  Vickers  impression 
(100  gf  =  0.981  N  load)  in  the  (001)  surface 
appear  in  Figure  4,  A  Vickers  hardness  num¬ 
ber  (VHN)  of  11  kgiymm^  (108  MPa)  for  that 
impression  indicates  that  AP  Is  soft,  only  1/8  to 
1/2  as  hard  as  the  molecular  explosive  RDX, 
using  the  results  of  various  researchers  as  dlS“ 
cussed  in  Reference  15.  The  transmitted  light 
micrograph  in  Figure  4(A)  shows  that  the  four 
facets  of  the  impression  have  a  distorted  4-fold 
rotational  symmetry,  Urge  cracks  emanate 
flrom  two  sides  of  the  impression;  beginning  at 
a  load  of  600  gf  (4.91  N),  a  second  set  of  cracks 
in  other  indented  AP  crystals  was  observed 
with  traces  in  the  (001)  surface  approximately 
orthogonal  to  those  in  Figure  4.  The  Indentation 
was  viewed  in  polarised  light,  with  the  cross- 
polarlsers  oriented  to  provide  maximum  extinc¬ 
tion  (Figure  4(B)).  The  most  obvious  feature  is 
a  bright,  sharply  focused  band  of  light  near  the 
Impression  at  the  tip  of  one  of  the  cracks.  This 
suggests  that  considerable  strain  energy  is 
stored  in  the  vicinity  of  this  crack  tip.  Trans¬ 
mitted  cross-polarised  light  was  also  observed 
close  to  the  corners  of  the  hardness  Impression. 
However,  there  was  a  surprising  absence  of 
transmitted  light  In  the  surrounding  region 
away  from  the  hardness  impresHion.  Rotating 
the  AP  crystal  about  the  [001 1  direction 
between  the  cross-polarizers  did  not  appear  to 
alter  this  finding.  This  observation  suggests 
that  the  strain  energy  around  the  residual 
Impression  is  relatively  localized,  although 
plastic  deformation  has  occurred  around  the 
impression.  When  the  (001)  Impression  was 
viewed  In  transmitted  light  that  was  partially 
obstructed  before  the  light  entered  the  crystal 


(Figure  6),  prominent  troughs  were  observed  to 
emanate  from  two  facets  of  the  impression. 


Figure  4.  Diamond  Pyramid  (Viekera)  Hard- 
neat  Impreaaion  In  (001)  Surface  ofAP 


Figure  5.  Surface  Relief  at  Viekera  Hardness 
Impreaaion  in  (001)  Surface  ofAP 
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The  indentation-i'orming  (primary 
deformation)  and  volume-acoommodating 
(secondary  deformation)  slip  syitems  were 
identified  for  the  (001)  eurface  by  performing  a 
•ingle-trace  analysia  utilizing,  as  mn^.h  at 
poMible,  slip  system  information  reported^** 
previously.  The  results  of  the  analysis  are 
presented  in  the  stereographic  projection  that 
appears  in  Figure  6.  Subsequently,  the  results 
were  confirmed  by  a  two-trace  analysis  of  slip 
lines,  formed  at  a  spherical  Indentation  placed 
near  to  the  edge  of  another  crystal.  The 
prominent  troughs  in  Figure  S  along  ±[010] 
are  attributed  to  primary  deformation  on  the 
±(100)[001]  slip  system.  As  such.  It  is 
concluded  that  this  slip  system  is  the  easiest 
operating  system  in  AP.  Secondary  deforma¬ 
tion  slip  traces,  appearing  twin-llke,  are 
crossing  bands  within  the  troughs.  These 
bands  are  attributed  to  apparent  ±(010)[001] 
slip  system  activity  orthogonal  to  the  primary 
deformation  system,  Particularly  noteworthy 
is  the  observation  that  initial  cracking  (l.e.,  at 
low  loads)  occurs  (Figure  6)  in  the  region  of 
greatest  plastic  deformation  for  the  impres¬ 
sion.  The  occurrence  of  cracking  in  AP  where 
the  deformation  Is  greatest  has  been  con¬ 
firmed  for  Vickers  Indentations  put  Into  a  (SlO) 
surface.^ 


Figure  6.  Deformation  Systems  for  Vickers 
Hardness  Impression  in  (001)  Surface  of  AP 


The  effect  of  indenter  force  on  indentation 
diagonal  length  for  Vickers  indentations  put 
into  the  (001 )  surface  has  been  determined  for 
forces  ranging  from  10  gf  to  l.S  kgf  (0.0981  to 
14.7  N)  (Figure  7).  Several  additional  crystals 
were  studied,  including  some  used  in  shock 
loading  experiments  to  be  described  later.  The 
diametral  size  of  radial  cracks  emanating 
nearly  along  ±|010|  was  also  measured  for 
some  of  the  indentations.  The  hkrdness  was 
observed  to  decrease  with  Increasing  force;  an 
exponent  of  1,87  was  obtained  for  the  pdwer 
law  dependence  of  indenter  force  on  diagonal 
length.  The  exponent  would  be  2.0  for  a 
constant  value  of  hardness.  The  decrease  in 
hardness  is  attributed  to  the  occurrence  of 
cracking.  An  exponent  of  a  little  less  than  1.6 
obtained  for  the  force  dependence  on  diametral 


DIAQONAL/ CRACK  LENOTHS,  mm 

Figure  7,  Force  Versus  Diagonal  and  Crack 
Lengths  for  Diamond  Pyramid  (Vickers) 
Impressions  in  (001)  Surface  of  AP  ((120]  or 
1120]  Diagonal) 
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crack  length  correlate!  well  with  indentation 
fracture  mechanic!  analy!!!  developed  by 
other  reaearchera,  aa  diacuaaed  in  Reference  16. 
In  thia  work,  thoae  indentation!  which 
exhibited  the  lecond  cracking  lyateni  were 
excluded  (Vom  the  leaat-aquarea  analyala  to 
determine  the  crack  length  exponent.  The 
cracking  apparently  cauaea  at  leaat  a  partial 
atrain  energy  releaae  to  occur,  due  to 
dialocatlons  eacaping  at  the  crack  aurfacea, 
thua  yielding  the  reduced  hardneia  valuea. 

A  releaae  of  atrain  energy  would  explain 
the  relative  abaenoe  of  tranamitted  light 
obaerved  at  hardneaa  Indentationa  in  the  (001) 
aurface,  when  viewed  uaing  tranamitted  polar* 
iaed  light  microacopy.  The  releaae  of  atrain 
energy  in  AP,  beeauae  of  cracking,  la  alao  an 
important  conalderation  In  the  ohoek  reactivity 
work  to  be  described  below.  A  oompariaon  of 
ahock  reactivity  behavior  has  begun  for  AP 
cryatala  with  and  without  Vickera.  indenta¬ 
tions  In  the  (001)  cleavage  surface.  The  desired 
enhanced  ahock  reactivity  at  Indentation  sites 
would  appear  to  be  suppressed  because  of 
atrain  energy  dissipation,  With  respect  to 
hasarda  aaseasmenta,  an  Initial  comparison 
between  AP  and  RDX  was  made  of  their  ability 
to  dissipate  strain  energy  by  cracking.’^ 

SHOCK  LOADING  STUDIES 

The  results  of  shock  experiments  over  a 
range  of  1  to  38  kbar  are  summarized  in 
Table  1.  Even  at  the  highest  ahock  pressures, 
moat  of  each  crystal  was  recovered  for  Airther 
analysis.  The  recovery  of  an  intact  crystal  that 
was  positioned  only  7.0  mm  from  the  detonator 
(Pap  =  16.7  kbar,  Shot  ONR-19)  can  be 
contracted  with  the  pulverizing  of  another 
crystal  that  was  not  Immersed  in  oil,  but 
separated  by  the  same  distance  from  the 
detonator  with  a  plastic  (PMMA)  gap.  The 
chromatography  measurements  revealed  a 
large  Increase  In  only  the  Cl'  concentration  aa 
ahock  pressure  increased.  Based  on  thoae 
measurements,  the  threshold  of  shock  reaction 
for  a  relatively  defect-free  crystal  in  this 
arrangement  was  *-26  kbar  (shock  preasure  in 
the  crystal  (Pap))-  With  the  baseline  estab¬ 
lished  for  the  oneet  of  reactivity  in  a  "good" 
crystal,  several  experiments  were  performed 
on  crystals  with  a  macroscopic  defect  created  at 


the  surface  by  the  hardness  indenter.  High¬ 
speed  fi'aming  camera  records  were  obtained  of 
the  ahock  interaction  with  cryatala  in  Shots 
ONR-16  through  ONR-19;  Shota  ONH-18  and 
ONR-19  each  had  a  1000  gf  (9.81  N)  Vickers 
hardness  impression  in  the  (001)  surface  of  the 
crystal. 

At  the  highest  shock  preslure  (Shot  ONR- 
16),  the  photographs  in  Figure  8  show  that  the 
shock  was  still  quite  curved  when  entering  the 
crystal  and  that  the  gas  bubble  from  the 
expanding  detonation  products,  which  are 
opaque  to  the  backlighting,  reached  the  crystal 
shortly  after  the  shock,  Both  the  shock  curva¬ 
ture  and  the  additional  gas  bubble  loading 
would  have  contributed  to  the  breakup  of  the 


KUATIVI  TIMi  ton  IACH  PRAMI  LIITVD  IK  MICI(OHCl.i|IDI 


Htt  !■  Am  AA  i.l 


DIWRIPTION  OP  IVlNTtlKIN  IN  INDIVIOUAI,  fNAMNI 
NO  ACTION 

tJlii  LUMINOUI  DtTONATION  WAVI  PNOFAOATINO  IN  IXPLOIIVl 
1.0|i  ■  LUMINOUI DITONATION  WAVI  AT  INO  01 IXILOIIVI  DONOA 
1,iAt  IXILOIIVILV  ORIVIN IHWR  JUIT INTIRINO  MINIRAL  OIL 
llfii  IHOOKWAVIAWNOAOHINOORVITAL;  LUMINOUl DITONATION 
TROOUOTI  likN  JUIT  HHIND IHOCK  WAVI 
tlAi  IHOOK  WAVI  INTIRINO  AT  ORVITALl  WALL  XONI OT  WEAK 
LUMINOIITV  AT  ORTITALIOIL  INTIRTACI 
UAI  IHOOK  WAVI  JUIT  OOMRIITIO  TAMAOI  THROUOH  ORVtTALl 
DITONATION  TRODUCTI  NOW  IMHNOINO ON  Uff IR  lURTAOl 
lUMIOUINT  TRAMII  WOITLV  OWOURID  IV  DITONATION  RRODUOT  QAIII 

Figure  8.  Backlit  Framing  Camera  Record  of 
an  AP  Crystal  Being  Shocked  at  24  kbar  (Shot 
ONR.JB) 


1265 


Table  / ,  Resulte  from  Shocking  AP  Cryatala  in  Mineral  Oil 


Mineral  Oil 

AP  Crystal 

AP  Crystal 

Chemical  Analysis  (ppm) 

Shot 

ONR- 

Gap  Poll 

(mm)  (kbar) 

Pap 

(kbar) 

Recovered 

Condition 

Cl- 

NOa”  NOa-  CIO3- 

Not  shocked,  microhardness  indentation 

420 

8  46 

4 

2 

36  0.6 

1.0 

No  damage 

600 

8  29 

26 

3 

23  1.0 

1.8 

Nodamago 

630 

12  38 

22 

4 

15  2.0 

3.6 

Nodamego 

410 

18  39 

10 

5 

8.2  7.2 

11.6 

Broke  into  6  pieces 

620 

20  46 

20 

19 

7.0  10.6 

16.7 

Intact  but  cloudy 

Saved  for  hardness  tests 

[Vickers  indentation 

(Figures  11-13) 

(Figure  7) 

High-speed  photographs  in  Figure  101 

17 

6.0  16.6 

24.4 

Broke  into  2  pieces 

Two  separate  analyses: 

1,400 

6  60 

- 

900 

18  20 

20 

18 

6.0  16.6 

24.4 

Broke  into  small  pieces 

(Analysis  failed) 

[Vickers  indentation 

High-speed  photographs  in  Figure  9] 

16 

6.0  24.8 

38.6 

Large  pieces  were 
88%  of  original  weight 

11,000 

8  46 

4 

[High-speed  photographs  in  Figure  8] 

crystal.  The  shock  fronts  were  luminous  in  the  left  across  the  crystal.  The  band  was  observed 

two  crystals  with  Pap  =  24.4  kbar  (Shots  to  be  particularly  intense  and  straight  in  the 

ONR-17  and  18).  In  the  second  experiment  1.4  ps  frame.  The  linearity  of  the  light  band 

(ONR'18),  the  top  of  the  crystal  was  biackened  suggests  that  it  is  crystallographic  in  origin, 
with  permanent  ink  to  reduce  any  light  The  angle  between  the  band  and  the  [120] 
originating  from  hot  detonator  products,  in  direction  was  measured  to  be  2*  less  than  the 
case  that  had  contributed  to  the  luminosity  of  analogous  determination  for  the  trace  of  the 
the  shock  front.  The  crystal  in  Shot  ONR48  bottom  crack  at  the  hardness  impression  in 
was  located  with  the  as-viewed  (001)  surface  Figures  4  and  6.  This  is  the  crack  that  extends 

under  the  center  of  the  detonator,  whereas  in  from  facet  4  of  the  impression  as  designated  in 

other  experiments,  the  crystal  was  centered  the  insert  appearing  in  Figure  6.  Even  though 

under  the  detonator.  The  photographs  in  the  crack  truce  at  the  impression  is  wavy  at  the 

Figure  9  show  the  luminous  front  as  well  as  a  higher  magnification  in  Figures  4  and  6, 

luminous  band  in  the  vicinity  of  the  indents-  associating  the  band  of  light  with  this  crack 

tion.  The  luminous  band  first  appeared  in  the  seems  plausible  because  of  its  inclination  to 
0.6  ps  frame  (approximately  corresponding  to  the  (001)  surface.  It  is  important  to  note  that 
the  time  interval  required  for  the  shock  to  pass  the  sense  of  the  inclination  requires  that 

the  indentation)  and  then  moved  from  right  to  Figures  4  and  6  be  rotated  180“  about  [001]  in 


•.OmmaVINMtNIRALOIL 

1000  gf  VICKIM  HAODNHS IMFRIMION  IN  (001)  SUOFACI 
At'VIIW  (001)  SUOFACI DIKICUV  UNOIR  DONOR 

RIUT1VI TIMI  FOR  lACH  FRAMR  USTID  IN  MICROSICONDS 


0.1  0.1  1.0  1.4  1.1 


0.0  0.4  0.0  1.1  1.1 


NOTH 

a.  LUMINOUS  RiaiONIIHIND  SHOCK  FRONT  (0.0  >0.4  Ml) 

b.  LUMINOUS  RAND  WHICH  MOVSS  ACROSS  THI  CRYSTAL  (O.f  >1.1  Ml) 


Flgurt  9.  Backlit  Framing  Camera  Record  of 
an  AP  Crystal  Being  Shocked  at  16  hhar  (Shot 
Om-l8) 


T.OmmOARINMINIRALOtL  ,  . 

1000  gf  VICKIRS  HARDNISS IMPRISSION  IN  (001)  SURPACI 
CRYSTAL  CINTIRID  UNDIR  DONOR 
CRYSTAL  RICOVIRID  INTACT 

RILATIVI  TIMI  FOR  lACH  FRAMI  USTID  IN  MICROSICONDS 


0.2  0.1  1.0  1.4  1.t  2.2 


0.0  0.4  0.1  1.2  1.6  2.0 


NOrii 

0. 

b. 


.  DARK  OIAQONAL  lANDS  IIHIND  SHOCK  FRONT  (0.6  •  1 .2  |ii) 
j.  CLOSILY  SPACIO  OlAflONAL  lANDS  FURTHIR  IIHIND 
SHOCK  FRONT  (1.4  >1.6  Ui) 

C.  LUMINOUS  lANO  1.6  |iA 


Figure  10.  Backlit  Framing  Camera  Record  of 
an  AP  Crystal  Being  Shocked  at  13  kbar  (Shot 
ONR-19) 


order  that  they  properly  correapond  with  Fig¬ 
ure  9  ai  viewed.  Then,  the  observed  right-to- 
left  movement  of  the  light  band  would  logically 
be  attributed  to  Lhia  crack  propagating  away 
from  the  viewer  more  deeply  Into  the  cryatal. 

At  the  somewhat  lower  shock  pressure 
(Pap  =  19.7  kbar)  in  Shot  ONR-19,  the  shock 
front  in  the  crystal  appeared  as  a  distinct  dark 
line  (Figure  10).  Thus,  the  luminous  fronts  in 
the  previous  experiments  were  probably  a 
response  of  tho  crystal  and  not  an  optical  effect 
from  the  backlighting.  Between  the  shock 
(Vont  in  Shot  ONR-19  and  the  Interaction  of  the 
shock  with  the  as-viewed  (001)  surface, 
crystallographic-appearing  diagonal  lines  in 
an  otherwise  clear  region  appeared,  beginning 
in  the  0.6  ps  frame.  These  diagonal  lines 
occurred  in  only  one  basic  direction  and  not  in 
the  normally  expected  complementary  direc¬ 
tion.  Similar  observations  for  Shots  ONR-17 
and  18  were  probably  obscured  by  the  lumi¬ 
nous  shock  fronts  that  were  present.  Further 
behind  the  shock  front,  most  clearly  seen  In  the 


1.4  ps  iVame,  there  was  a  region  of  partial 
transmittance  of  the  backlighting  where  many 
closely  spaced  diagonal  lines  appeared. 

The  angular  relationships  between 
various  diagonal  lines  and  the  (1201  direction 
were  measured  for  Shot  ONR-19  (Figure  10). 
Following  shock  passage,  the  prominent  diag¬ 
onal  line  in  the  1.8  ps  frame  was  determined  to 
coincide  with  an  (010)  trace  to  within  1*. 
During  shock  passage  in  the  1.0  ps  fVame,  the 
angular  deviation  from  being  an  (010)  trace 
varied  from  4  to  16”.  This  deviation  occurs  in 
the  correct  rotational  direction  when  attributed 
to  shock  compression.  However,  the  magnitude 
of  the  rotation  caused  by  uniaxial  straining  is 
estimated  to  be  only  2”.  Optical  distortion  in 
the  shock  to  mineral  oil  is  believed  to  be  respon¬ 
sible  for  the  remaining  deviation.  As  such,  the 
diagonal  lines  are  believed  to  be  associated 
with  tho  (010)1001)  slip  system,  the  readily 
observable  secondary  (volume-accommodating) 
deformation  system  described  earlier  for  the 
Vickers  indentation. 
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Vickers  microindeniatton  hardness  test¬ 
ing  was  performed  on  the  crystal  that  had  been 
recovered  in  Shot  ONR-19  to  determine 
changes  in  microstructure  occurring  as  a  reault 
of  shock  loading.  As  indicated  in  Table  1,  the 
sample  in  Shot  ONR-19  was  recovered  intact 
after  experiencing  a  significant  shock  loading 
(peak  pressure  in  oil  of  13  kbar),  The  recovered 
crystal  was  cloudy  in  appearance  (Figure  11). 
Microscopic  examination  of  the  previously 
indented  (001)  surface  revealed  nutnerous 
straight  lines,  indicating  that  extensive  slip 
trace  formation  had  occurred  (Figure  12). 
These  traces  were  found  to  bo  orthogonal  to  one 
another  and  were  identified  as  (OiO)  and  (TOO) 
slip  planes  (Figure  13).  A  series  of  10  gf 
(0.0981  N)  indentations  wore  put  into  various 
areas  of  tite  (001)  surface  of  the  recovered 
crystal.  The  hardness  and  cracking  properties 
changed  depending  on  the  location  of  the 
indentation,  and  the  moasurements  are 
included  in  Figure  7.  The  largest  increase  in 
hardness  (VHN  «  19  versus  14  for  an 
unshocked  crystal)  occurred  in  the  region  of 
the  crystal  that  first  experienced  shock  wave 
passage.  A  VHN  of  17  was  measured  at  the 
orthogonal  intersection  of  slip  traces  near  the 
1000  gf  indentation  made  prior  to  shock 
loading  (Figures  12  and  13).  The  hardness  in 
other  regions  of  the  crystal  away  from  the 
1000  gf  indentation  increased  by  *^7  percent. 
The  accompanying  radial  crack  extension  was 


Figure  //,  {001)  Surface  of  Shocked  AP  Crynlal 
from  Shol  ONR-19  Showing  Large  Hardneea 
/mpresaion 


Figure  12,  Reflected  Light  Photomicrograph  of 
(001)  Surface  of  Shocked  AP  Cryetal  (Shot 
ONR-19)  Showing  Original  and  Subsequent 
Vickers  Hardneae  Impreaaiona  and  Extenaioe 
Slip  Trace  Formation 


Figure  13,  Reflected  Light  Photomicrograph  of 
(001)  Surface  of  Shocked  AP  Crystal  (Shot 
ONR-19)  Showing  Numerous  (700)  and  (010) 
Slip  Traces 

also  measured  for  each  of  the  10  gf 
indentations.  Those  measurements  wore  com¬ 
pared  to  the  average  of  two  determinations 
obtained  for  10  gf  indentations  put  into  the 
(001)  cleavage  surface  of  an  unshocked  crystal 
described  in  Reference  9.  Crack  extension  in 
the  shocked  crystal  was  found  to  be  reduced 
generally,  with  dilTeronces  ranging  from  -18  to 
+  5  percent, 
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SUMMARY  AND  CONCLUSIONS 

Initial  reaiitU  have  been  obtained  for  the 
rolee  that  deformation,  fracture,  and  material 
microstructure  have  on  the  shock  reactivity  of 
AP.  Optical  quality  crystals  of  AP  were  shocked 
by  a  small  explosive  donor  over  a  pressure 
range  of  1  to  38.5  kbar,  while  Immersed  in 
mineral  oil.  Recovered  pieces  were  chemically 
analyzed  by  liquid  ion  chromatography  to 
determine  an  approximate  reaction  threshold 
of  26  kbar  for  relatively  defect-fVee  crystals. 
Over  a  pressure  range  of  16.7  to  38.6  kbar, 
high-speed  photography  was  used  to  view  the 
(001)  surface  of  several  crystals  during  shock 
loading.  Two  of  the  crystals  had  a  large 
surface  defect  created  by  a  diamond  pyramid 
(Vickers)  indenter.  The  high-speed  photo¬ 
graphs  of  the  shocked  crystals  showed, 
although  not  in  each  exporlment,  a  luminous 
shock  front,  distinct  diagonal  lines  behind  the 
front  that  appeared  to  be  slip  bands,  a  moving 
luminous  band  that  appeared  to  be  a  propagat¬ 
ing  crack,  and  light  in  the  vicinity  of  a  surface 
indentation  presumably  due  to  chemical  reac¬ 
tion.  Near  the  reaction  threshold,  it  appears 
that  reaction  in  even  a  relatively  defect-free 
crystal  is  inhomogeneous,  being  directly 
related  to  its  material  microstructure,  Other 
investigators  have  recently  observed  what  was 
probably  reaction  light  when  shocking  RDX 
crystals  of  lessor  quality,  although  at  much 
higher  pressures,  ~100  kbar.*'^ 

Surface  truces  of  slip  planes  and  cracks 
associated  with  forming  Vickers  hardness 
Impressions  in  the  (2l0)  and  (001)  cleavage 
surfaces  of  an  unshocked  crystal  were  cryutal- 
lographicully  identified.  Slip  systems  were 
determined,  the  easiest  operative  system  being 
(100)[001].  Particularly  noteworthy  Is  the 
observation  that  cracking  occurs  in  the  region 
of  greatest  plastic  deformation.  The  effect  of 
indenter  force  on  Indentation  and  resultant 
crack  sizes  was  investigated  for  Vickers 
indentations  put  Into  the  (001)  surface  The 
hardness  was  observed  to  decrease  with 
increasing  force,  which  was  attributed  to  the 
occurrence  of  cracking. 
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TUB  INFLUBNCB  OF  GRAIN  MORPHOLOGY  ON  THE 
BEHAVIOR  OF  EXPLOSIVES 

S.  Dufort,  H.  Cb«riii,  uid  P.  Gohar 
GommifsajrlAt  k  1*  Eiiergl«  Atomique 
CER  •  BP  n*  16  •  37260  Monts  •  FRANCE 


Many  experimental  obeervation*  have  ehown  the  influence  of  the 
granular  form  of  an  exploelve  on  Ite  behavior.  Kinetic  modelt 
detcribing  the  mechaniemt  of  decompoeitlon  of  the  grains  take  into 
ascount  the  aixe  and  thape  of  the  grains  only  in  a  very  simplified  way. 
In  this  study  we  describe  a  meth^  of  analysis  allowing  simulation  of 
particle  combustion  mechanisms  which  makes  use  of  optical 
microscopic  images  of  the  powder.  The  numerical  treatment  makes  use 
of  Mathematical  Morphology  theory  applied  to  the  real  siee  and  shape 
distribution  of  the  grains.  The  results  obtained  reveal  the  importance  of 
tfte  morphological  characteristics  of  the  particles  on  their  speed  of 
combustion.  Perspectives  for  the  optimisation  of  the  kinetics  of  the 
decomposition  by  a^fustment  of  the  grain  eise  parameters  are presented. 


INTRODUCTION 

Study  of  the  deflagration  to  detonation 
traneHion  require!  underetanding  of  the 
tnuchanisma  Involved  in  the  eombuetion  of  a 
heterogeneous  explosive.  The  number  of 
significant  parameters  involved  ic  large; 
among  theoe  the  morphological  and  grain  sixe 
characteristics  play  e  determinant  role.^'^ 

A  model  including  the  iriluence  of  pow¬ 
der  morphology  on  the  decomposition  kinetics 
is  presented.  The  concepts  of  Mathematical 
Morphology'  developed  on  an  image  analyser 
used  as  a  simulation  tool  provided  an  orif^al 
way  of  studying  this  problem.  The  decom¬ 
position  of  explosive  particles  is  governed  by 
combustion  processes  involving  either  the 
whole  surface  of  the  grain  (homogeneous 
combustion)  or  which  are  initially  localised  at 
a  few  active  centers  (hot  spots  combustion). 
Examples  of  simulations  of  powder  behavior 
based  on  each  of  these  two  processes  are 
carried  out  using  real  granulometric  distri¬ 
bution  data  (sise  and  morphology).  A  study  of 
the  influence  of  the  size  distribution  is  made 
for  some  simple  cases.  An  extension  of  these 
preliminary  studies  is  proposed  in  the 
r:ork;.lusion. 


GRAIN  SIZE  AND  COMBUSTION 

Particle  sise  and  porosity  are  recognised 
as  important  factors  influencing  explosive 
performance  and  shock  sensitivity.  The 
importance  of  grain  sise  characteristics  on  the 
kinetics  of  decomposition  remains  unclear. 
Similarly,  the  influence  of  grain  shape  is 
almost  totally  neglected  in  the  literature. 
Experiments  carried  out  in  our  laboratories 
reveal,  however,  that  two  batches  of  RDX 
having  the  same  granulometric  characteris¬ 
tics,  but  different  morphologies,  have  different 
exploding  wire  initiation  thresholds.* 

Combustion  Meohanlams 

Two  types  of  mechanisms  may  be 
involved  in  initiating  the  combustion  of  a 
particle: 

1.  The  first  involves  the  whole  surface 
of  the  grain,  which  is  uniformly 
consumed  with  a  speed  everywhere 
normal  to  the  surface.  At  constant 
pressure,  the  speed  of  combustion  is 
constant. 

2.  In  the  second  mechanism  the 
decomposition  is  initiated  at  reactive 
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center*  at  the  lurface  and  within  the 
volume  of  the  grain*. 

The  flr*t  model  (C.  A.  Foreit:  Reference 
(6))  expreese*  the  speed  of  eombustion  of  a 
particle  in  the  form: 


1  dW  S<t) 
W  dt  "  V(t) 


(1) 


where  CP"  -  dx/dt  =  linear  combustion  speed 
normal  to  the  surface, 

W  s  mass  of  undeeomposed  explosive, 

S(t)  =  surface  of  the  particle  at  time  t, 

V(t)  -  volume  of  the  particle  at  timet. 

The  morphological  characteristics  of  the 
particle  are  involved  through  the  ratio 
S(t)A^(t).  When  a  particle  does  not  retain  a 
simple  geometry  during  its  combustion,  there 
is  no  simple  analytical  expression  to  describe 
the  evolution  of  this  term. 

The  induction  of  combustion  from 
localised  points  (*^hot  spots”)  is  the  mechanism 
most  commonly  cited  in  the  literature.'^'^  As 
regards  the  nature  of  the  centers,  the 
hypotheses  are  varied:  to  a  first  approxi* 
motion,  we  may  consider  that  the  laws  of 
germlnation*growth-eoaleseenee  describing 
the  evolution  of  these  tones  are  independent  of 
their  nature.  It  is  easy  to  see  that  if  the 
development  of  reactive  center  i  occurs  at  the 
surface,  the  particle  will  be  entirely  covered  by 
decomposition  products  after  a  certain  period 
of  decomposition.  Thus,  in  the  case  of 
instantaneous  germination,  constant  speed  of 
growth  and  coalescence  of  the  reactive  centers, 
we  can  describe  the  case  of  circular,  two 
dimensional  germination  nuclei  by  the 
equation: 


A*l-exp(Ct®)  (2) 

where  C  is  constant  and  A  is  the  fraction  of  the 
surface  covered  by  decomposition  products  at 
time  t. 

The  spreading  of  surface  nuclei  results  in 
a  transition  towards  homogeneous  combustion 
once  the  whole  surface  is  covered.  Noto  that 
homogeneous  combustion  from  time  sero  is  a 
very  special  ease  corresponding  to  the 


formation  of  a  large  number  of  reactive  centers 
whose  growth  on  the  surface  of  the  grain  is 
very  rapid. 

Using  simple  geometries  (for  example, 
spherical  particles),  it  is  possible  to  determine 
analytical  curves  representing  the  speed  of 
combustion  as  a  function  of  time  for  a 
population  •  possibly  plurlmodal  •  whose 
decomposition  is  governed  by  the  germination- 
growth-coaleseenee  process  and  homogeneous 
combustion.  A  description  of  grains  of  complex 
morphology  cannot,  hov/ever,  be  obtained 
using  this  approach. 

Application  of  Mathematioal  Morphology 
to  the  Study  of  Combustion 

Homogeneous  Combustion.  The 
process  is  based  on  the  supposition  of  a 
combustion  speed  normal  to  the  interface  and 
having  the  same  value  at  all  points. 
Mathematical  Morphology*  allows  this 
evolution  to  be  simulated  by  a  single 
morphological  operation;  erosion.  In  the  rest  of 
this  article  the  image  treatment  is  based  on 
plane  objects  whose  behavior  in  two 
dimensions  reflects  the  changes  in  a  real  three- 
dimensional  grain.  In  these  conditions. 
Equation  1  may  be  written: 

_  i  sy.  =  w  CP"  (3) 

W  dt  S(« 

where  P(t)  is  the  length  of  the  perimeter  of  the 
particle  at  time  t. 

The  following  schema  represents  the 
effects  of  an  erosion  operation  equivalent  to  a 
combustion  consuming  a  thickness  dX  of  the 
particle  in  a  time  dt. 
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The  peHmeter  end  the  lurface  of  the 
particle  are  determined  after  each  erosion 
operation.  The  apeed  of  combustion  1/W.dW/dt 
ia  directly  proportional  to  the  ratio  of  these  two 
granulometric  characteristics.  The  last 
erosion,  during  which  the  particle  disappears, 
ends  the  treatment. 

Combustion  of  Looaiiied  Zones. 
Potential  sites  of  germination  are  distributed 
at  random  along  the  perimeter  of  the  particies. 
The  germination  mechanism  is  instantaneous; 
ail  the  sites  are  active  at  time  sero.  The 
growth  of  the  active  sones  is  simulated  by  a 
succession  of  elementary  Mathematical  Mor¬ 
phology  operations:  dilatation  followed  by  an 
intersection  with  the  initial  contour  of  the 
particle. 


The  speed  of  growth  of  the  combustion 
centers  Is,  therefore,  determined  by  the 
number  of  dilatations-intersections  carried.out 
at  each  time  step.  When  two  sones  inter¬ 
penetrate  each  other,  they  become  associated. 
The  treatment  simulating  the  growth- 
coalescence  of  the  sones  stops  once  they  have 
reconstituted  the  whole  of  the  initial  perimeter. 

The  system  then  switches  to  a 
homogeneous  combustion  process.  The  time 
represented  by  the  number  of  dilatatlons- 
intersections  necessary  to  reach  this  transi¬ 
tion  point  is  the  time  of  induction  of  the 
decomposition  for  each  particle.  It  should  be 
mentioned  that  the  absence  of  germination 
sites  on  a  particle  Implies  homogeneous  com¬ 
bustion  right  from  time  sero  (this  is  commonly 
the  ease  for  small  particles). 

RESULTS  OF  THE  SIMULATION 

The  simulation  is  carried  out  on  a 
prctjection  plane,  obtained  by  optical  micro¬ 
scopy,  of  a  population  of  explosive  particles 


shown  in  Figure  1.  The  grains  comprising  the 
sample  have  an  average  diameter  of  30  pm. 

Figure  2  represents  the  speed  of  com¬ 
bustion  as  a  (bnetion  of  time  for  two  cases: 
homogeneous  combustion  of  all  the  particles 
from  time  sero  and  germination-growth- 
coalesconee  of  surface  nuclei  followed  by 
homogeneous  combustion, 

The  variation  of  the  speed  in  the  ease  of 
homogeneous  combustion,  right  from  the 
beginning,  reveals  fluctuations  caused  by  the 
varying  sise  and  morphology  of  the  particles. 
For  comparison,  the  behavior  of  a  single 
dispersed  population  of  identical  morphology  is 
shown  in  this  same  figure.  The  last  part  of  the 
curve  corresponds  to  the  disappearance  of  the 
last  particles;  the  evolution  is  then  that  of  the 
radio  P/S  as  B  tends  to  sero  (cf.  Equation  (3)). 

The  speed  of  combustion  in  the  ease 
of  a  germination-growth-eoalescenoe  process 
reveals  some  remarkable  features.  Initially 
the  combustion  is  rapid;  the  speed  then 
decreases  quickly  to  stabilise  for  a  short  period 
near  the  value  determined  by  the  homo¬ 
geneous  combustion  curve.  The  last  part 
corresponds  to  the  evoluiion  of  speed  in  the 
homogeneous  combustion  process. 

These  simulations  of  real  powders  show 
the  Influence  of  the  distribution  of  grain  sise 
and  shape  on  the  decomposition  mechanism, 
whether  homogeneous  or  localised,  and  thus 
make  possible  the  systematic  study  of  the 
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Figure  S,  Combuetion  Rate  of  the  Powder 
Sample  Vereue  Time 

relations  between  combuetion  speed  and 
morphological  characteristics. 

EFFECT  OF  PARTICLE  SIZE 
DISTRIBUTION 

The  simulation  principles  described 
above  were  applied  to  the  dUTerent  grain  else 
populations  shown  In  Figure  3,  in  order  to 
separate,  in  an  initial  phase,  the  effect  of  the 
single  parameter  "grain  sise,”  the  particles  in 
these  test  samples  are  quasispherlcal.  Figure 
3  also  shows  the  corresponding  combustion 
speeds. 

High  initial  combustion  speeds  are 
observed  for  the  bimodal  populations  con¬ 
taining  particles  of  small  sise  whatever  their 
proportion  (SIMUL2  and  SIMUL3).  For  a 
bimodal  distribution  where  small  particles  are 
absent,  this  phenomenon  disappears  (SIMULl) 
and  the  variation  of  combustion  speed  is  analo  ¬ 
gous  to  that  predicted  in  the  case  of  homoge¬ 
neous  combustion.  Simulation  SIMIJL3  shows 


the  interesting  case  of  a  rapid  initial 
decomposition  followed  by  an  intermediate 
value  of  combustion  speed  significantly  higher 
than  for  the  other  populations. 

These  preliminary  results  show  that  the 
decomposition  kinetics  based  on  a  germination- 
growth-coalescence  process  are  closely  related 
to  the  particle  sise  distribution  of  the  popula¬ 
tion;  knowledge  of  the  average  radius  is  in  no 
case  sulTlcient  to  indicate  the  behavior  of  the 
powder. 

CONCLUSION 

Study  of  the  microetructure  of  explosives 
constitutes  the  indispensable  link  between  the 
intrinsic  molecular  properties  and  the  hydro- 
dynamic  behavior  at  macroscopic  level.  The 
results  of  simulations  carried  out  reveal  the 
important  influence  of  grain  morphology  on 
the  decomposition  regime  of  an  explosive 
powder.  Mathematical  Morphology  makes  use 
of  operators  which  transform  images,  allowing 
the  action  of  different  combustion  mechanisms 
to  be  reproduced  without  any  necessity  of 
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making  aaiumptions  concerning  grain  ihapo. 
The  evolution  of  the  deeompoiition  regimee 
obtained  may  be  used  directly  in  the  kinetic 
equation!  describing  the  transition  to  detona¬ 
tion,  It  is  therefore  possible  to  optimise  a  priori 
the  morphological  characteristics  of  the  pow¬ 
der  (shape  and  sixe)  so  as  to  reduce  the  depth  of 
Initiation  of  the  detonation, 
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ROLE  OF  ADIABATIC  SHEAR  BANDS  IN  INITIATION 
OF  EXPLOSIVES  BY  DROP-WEIGHT  IMPACT 

V.  KrUhna  Mohan,*  V.  C.  Jyothi  Bhaau,*  and  J.  B.  Field 
Cavendlah  Laboratory 

University  of  Cambridge,  United  Kingdom,  CBS  OHB 


Earlitr  work  on  th«  initiation  iMchanUm$  ofenergatie  materials  dur- 
ing  impact  has  shown  the  existence! formation  of  localised  hot  spots.  It 
has  been  postulated  that  local  energy  concentration  occurs  in  shear 
bands  and  these  bands  eventually  become  ignition  sites.  A  dislocation 
description  of  localised  shear  deformation  occurring  on  a  single  slip 
plane  has  been  reported.  In  this  paper,  we  provide  experimental 
evidence  for  the  existence  of  localized  dislocation  zones  in  cyclo- 
trimethylene  trinitramine  (RDX)  and  pentaerythritol  tetranitrate 
(PETN).  Single  crystals  of  these  explosives  have  been  subjected  to 
subcritical  (for  initiation)  particle  impact  employing  an  explosive 
driver  technique,  Deformation  characteristics  were  examined  by  care¬ 
fully  solvent  etching  the  crystal  surfaces.  RDX  crystals  showed 
localized  slip  around  the  impact  sites;  two  alignments  of  etch  pits  were 
noticeable.  Similar  results  were  obtained  for  PETN,  Shear  band 
formation  in  PETN,  PBX-9S03,  and  other  high  explosives  during 
drop-weight  impact  hat  been  observed.  Calculated  shear  band 
epacinge  and  widths  using  analytical  expressions  available  in 
literature  have  been  found  to  be  in  fair  agreement  with  experimental 
values. 


INTRODUCTION 

It  is  well-known  that  for  Initiation  to 
occur  In  cryatalllne  exploaivei  subjected  to 
pressure-time  histories  typical  of  drop-weight 
impact  conditions,  the  energy  transferred  must 
be  localized  within  the  explosive.  In  poly- 
crystalline  materiais  earlier  researchers  have 
established  several  mechanisms  which  could 
lead  to  ignition.  These  include  adiabatic  com¬ 
pression  of  the  gases  in  the  spaces  between 
grains,  frictional  processes,  and  viscous 
flow.'*"  Winter  and  Field,^  based  on  their 
experiments  on  micro-particle  high  velocity 
impact  on  silver  and  lead  aside  crystals,  have 
concluded  that  the  heat  generated  by  plastic 
deformation  is  also  a  viable  mechakiism.  Using 
titanium  as  a  model  material,  it  has  been 


*PreBont  address:  IDL-Nitro  Nobel  Basic 
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shown  that  within  the  plastic  deformation  zone 
surrounding  an  impact  crater,  the  residual 
strains  were  highly  localized  in  narrow  bands 
characteristic  of  adiabatic  shear  deformation. 
They  have  examined  the  aside  crystals  under 
subcritical  impact  conditions  and  have  shown 
that  deformation  is  concentrated  in  narrow 
bands  of  material  by  adiabatic  shear.  It  has 
been  suggested  that  the  temperature  rise  in 
these  bands  could  become  high  enough  for 
initiation. 

Coffey  and  coworkers^’^  have  studied 
deformation- induced  heating  in  several  inor¬ 
ganic  and  organic,  crystalline  and  polymeric 
materials.  Their  main  observation  has  been 
that  with  appropriate  modlflcation,  the  same 
fundamental  processes  responsible  for  local¬ 
ized  and  adiabatic  heating  in  metals  are  also 
responsible  for  the  more  pronounced  localized 
heating  effect  in  nonmetallic  materials  as  they 
undergo  rapid  deformation.  A  dislocation 
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doacription  of  localized  shear  deformation 
occurring  on  a  aingle  slip  plane  has  been  devel¬ 
oped  by  Coffey  and  Armstrong^  to  indicate  that 
appreciable  heating  can  occur  at  a  particular 
site  where  a  dislocation  pileup  might  be  re¬ 
leased  suddenly  in  an  avalanche  conflguration. 

Studies  on  the  characteristics  of  mech¬ 
anically  induced  dislocations  In  organic 
energetic  materials  are  limited  in  literature. 
The  major  work  in  this  direction  is  that 
of  Halfpenny  et  al.*^  who  have  Characterized 
the  primary  dislocation  slip  systems  in 
pentaerythritol  tetranitrate  (PETN)  and 
cyclotrimethylene  trinitramlne  (RDX)  using 
a  combination  of  dislocation  etching  and 
microhardness  indentation  techniques.  Thit 
objective  of  the  present  work  is  to  identify  the 
nature  of  damage  induced  in  single  crystals 
of  organic  high  explosives  due  to  particle 
impact  at  subcritlcal  velocities.  The  choice  of 
an  impact  experiment  in  which  the  particle  is 
small  compared  with  a  single  crystal  of 
explosive  has  been  primarily  based  on  the  fact 
that  it  provides  a  controlled  and  well-defined 
impact  situation.  Post-impact  examination  of 
the  deformation  characteristics  is  easy  under 
such  conditions.  This  is  particularly  diiTleult 
to  achieve  under  drop-weight  impact  condi¬ 
tions  under  which  the  entire  crystal  Is  Involved 
in  the  deformation.  Careful  etching  of  the 
impacted  crystal  surfaces  has  been  carried  out 
to  look  at  the  emergent  ends  of  dislocations.  It 
la  found  that  the  dislocations  generated  upon 
impact  are  highly  localized  in  rows.  We  have 
also  carried  out  experiments  wherein  several 
high  explosives  have  been  subjected  to  sub- 
critical  impacts  In  the  drop-weight  impact 
equipment.  Optical  microscopic  examination 
of  the  Impacted  samples  shows  the  formation  of 
shear  bands.  Finally,  the  experimental  band 
spaclngs  and  widths  for  various  explosives  are 
compared  with  those  computed  using  the 
analytical  expressions  derived  by  Qrady  and 
Kipp^  for  shear  band  spacing  and  width. 

EXPERIMENTAL 

CryiMal  Preparation 

Crystals  of  PFTN  and  RDX  were  grown 
from  solution  in  acetone  by  slow  evaporation  at 
room  temperature.  The  crystals  of  both  solids 


exhibited  well-developed  faceting.  Laue  photo¬ 
graphs  were  recorded  for  these  crystals  and 
compared  with  published  ones  to  verify  proper 
crystal  formation. 

Etching  Studies 

A  number  of  solvents  and  mixtures  of  sol¬ 
vents  were  evaluated.  It  appeared  that  acetone 
and  aeetone/water  mixture  (1:1)  gave  good 
results  and  etching  of  "as  grown”  surfaces  pro¬ 
duced  results  similar  to  those  reported  by  other 
w^rkers.’’^'*  'i'hese  solvent  systems  were  also 
u  <jd  to  examine  the  nature  of  damage  pro¬ 
duced  on  crystal  surfaces  by  particle  Impact. 
'It  is  well-known  that  u  one-to-one  correspond¬ 
ence  exists  between  etchplts  and  the  emer¬ 
gence  of  dislocation  lines  at  crystal  surfaces. 

PARTICLE  IMPACT 
EXPERIMENTS 

An  explosive  driver  technique  developed 
by  Winter  and  Field^  has  been  used  in  this 
work.  PfiTN  and  RDX  crystals  were  glued  on  a 
target  plate  (with  a  double-side  gummed  tape) 
and  impacted  by  glass  beads  (100  pm  in  size). 
The  glass  particles  were  placed  on  a  360  pm 
phosphor-bronze  plate  below  which  a  detonator 
was  placed.  The  sheet  was  of  sufllclent  thick¬ 
ness  not  to  perforate  when  the  detonator  was 
fired.  Previous  work  has  shown  that  particle 
velocities  are  in  the  range  of  160-200  m/s. 
Distance  between  the  target  plate  and  the 
glass  particles  was  adjusted  In  such  a  way  that 
upon  impact  the  crystals  did  not  disintegrate. 
Attenuators  of  varying  thickness  were  also 
used  to  minimize  damage.  After  impact  the 
crystal  surfaces  were  examined  under  an 
optical  microscope.  Microphotographs  have 
been  taken  of  the  etchpits  formed  close  to  the 
impact  sites. 

Drop ‘Weight  Impact  Tests 

Experiments  were  carried  out  using  a 
6  kg  weight  dropped  from  different  heights 
employing  an  apparatus  described  in  Refer¬ 
ence  3.  The  impacted  samples  have  been 
examined  under  an  optical  microscope. 

RESULTS  AND  DISCUSSION 

The  principal  forms  for  PETN  and  RDX 
crystals  are  as  follows;  PETN  {110}  and  {101}); 
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RDX  {210}  and  {111}.  All  particle  impact 
experimenta  have  been  carried  out  on  well- 
formed  crystal  faces:  {110}  for  PETN  and  {210} 
for  RDX,  Optical  microscopy  coupled  with 
careful  solvent  etching  has  been  used  exten- 
siveiy  to  examine  the  nature  of  plastic 
deformation  around  the  impact  sites,  Etching 
has  been  done  with  extreme  care.  Dislocation 
etch  patterns  on  fresh  crystals  have  been 
similar  to  those  observed  by  Halfpenny  et  al.*^ 
Figure  1  presents  photographs  of  etchpits 
formed  on  RDX  crystal  surface  by  etching  with 
acetone  for  3-6  secs  [Figure  1(a)]  and  the 
elongation  of  etchpits  due  to  prolonged  etching 
for  10  secs  [Figure  l(b)|.  Etching  of  PETN 
crystals  with  acetone  has  been  found  to  be 
rapid  and,  hence,  had  to  be  carefully  con¬ 
trolled.  Acetone/water  mixture  in  a  1:1  ratio 
was  also  tried.  References?  and  9  give  a 
detailed  description  of  the  geometric  shapes  of 
the  etchpits  for  the  different  crystallographic 
faces  of  these  crystals.  Thus,  in  the  ease  of 
PETN,  tho  etchpits  on  the  {110}  face  were 
hexagonal  in  shape,  while  those  on  the  {101} 
face  were  trapezoidal  in  shape.  On  the  other 
hand,  rectangular  etch  pits  were  formed  on  the 
{210}  face  of  RDX,  Figure  2  shows  a  series  of 
photomicrographs  taken  before  and  after 
etching  for  both  PETN  and  RDX  crystals  after 
impact.  These  photographs  give  a  clear  idea 
about  the  deformation  around  the  impact  sites 
and  the  density  distribution  of  dislocations 
near  such  sites.  The  most  important  and 
unique  observation  made  in  the  present  work 
[Figures  2(b)  and  2(«-)]  is  that  there  is  a  very 
high  concentratiun  of  dislocations  within  a 
microscopic  region  close  to  the  impact  zone.  In 
fact,  examination  of  the  etchpit  formation 
pattern  in  unimpacted  crystals  shows  a 
uniform  distribution  of  disiocalions  [oee  for 
example,  Figure  1(a)].  Rows  of  etchpits  are 
found  only  close  to  the  Impact  sites,  while 
farther  away  fVom  these  sites  an  increase  in 
the  density  of  dislocations  is  observed.  These 
rows  of  etchpits  we  believe  are  indicative  of  the 
formation  of  piled  up  groups  of  dislocations  in 
energetic  materials  upon  dynamic  loading. 
Then  a  final  question  which  must  be  posed 
relates  to  the  role  played  by  such  groups  of 
dislocations  in  the  Initiation  processes  in  these 
explosives.  In  fact.  Halfpenny  et  al.’’'  have 
suggested  that  the  greater  sensitivity  of  PETN 


Figurt  Ha),  Ftchpit  Formation  in  RDX  Crystal 
P^ueed  by  Acetone  in  5  Secs,  Magnification; 
lcm=:  15  pm 


Figure  Hb).  Elongation  of  Etchpits  in  RDX 
Crystal  Due  to  Prolonged  Etching  for  10  Sees, 
(1  cm  =  16  pm) 


to  impact  detonation,  compared  to  RDX,  could 
be  due  to  the  greater  dislocation  density 
around  indentations  and  the  confinement  of 
the  deformation  zone  to  a  smaller  volume  in 
the  former  explosive.  Elban  and  Armstrong^** 
have  also  observed  that  for  RDX  the  etchpit 
arrays  centered  on  each  indentation  are  highly 
localized  within  the  immediate  vicinity  of  the 
residual  hardness  impressions.  These  authors 
suggested  that  such  localized  shear  deforma¬ 
tion  should  lead  to  hot  spot  formation  under 
Impact  conditions.  Theoretical  calculations  by 
Coffey  and  Armstrong^  baaed  on  a  catastrophic 
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Figure  2(a),  Impact  iite  on  a  PETS  Crystal 
Produced  by  a  100  pm  Particle  (1  cm  7  pm) 
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Figure  2(c),  Magnified  View  of  a  Row  of 
Etchpits  in  PETS  Crystal  (1  cm  =  8  pm) 

failure  model  of  a  dislocation  plleup  have 
shown  that  appreciable  temperature  rise 
leading  to  hot  spot  formation  could  take  place 
In  exoloslve  molecular  crystals.  Winter  and 
Field*  have  also  shown  that  because  of  thermal 
softening,  the  deformation  is  concentrated  in 
narrow  bands  of  material  by  adiabatic  shear 
and  the  temperature  rise  in  these  regions  could 
become  high  enough  for  initiation. 

Photographic  evidence  from  particle  im¬ 
pact  experiments  presented  in  Figure  2  has 
clearly  demonstrated  that  the  deformation  in 


Figure  2(b).  Etchpit  Formation  in  an  Impacted 
PETS  Crystal  (I  cm  =  20 pm) 


Figure  2(d).  Impact  Site  in  a  RDX  Crystal 
Produced  by  a  100  pm  Class  Particle 


PFTN  and  RDX  upon  dynamic  loading  is  local¬ 
ised  in  nature.  We  have  also  examined  explo¬ 
sive  materials  subjected  to  subcritical  impact 
in  the  drop-weight  impact  sensitivity  test 
equipment.  Several  explosives,  such  as  PBTN, 
RDX,  and  PBX-9603  (a  plastic  bonded 
explosive),  have  been  tested  and  the  impacted 
samples  examined  under  an  optical  micro¬ 
scope.  Similar  tests  had  been  conducted 
earlier.^’’ ^  Kvidence  for  localized  shear  in  the 
explosive  layer  appears  in  recovered  unox- 
pl(^ed  samples  (Figure  3).  U  has  also  been 
found  that  ignition  and  propagation  occur 
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Fi^re  2(e),  Hows  of  Etohpite  Near  an  impact  Figure  2(f),  Magnified  View  of  a  Row  of 
SileinRDXCryetaKl  cm  ~  15pm)  BtehplteinRDXCryetald  cm  b  10pm) 


Figure  3(a).  Shear  Band  Formation  in  an 
Impacted  PBX -9503  (1  cm  =  20  pm) 


preferentially  in  luch  ahear  bands. ^  Thus, 
even  under  drop-weight  impact  conditions 
localised  deformation  can  occur  as  in  the  case 
of  particle  impact. 

SHEAR  BAND  MODEI. 
CALCULATIONS 

Most  model  calculations  have  shown  that 
if  flow  is  uniform  throughout  the  deforming 
region,  very  high  strains  are  needed  to  produce 
temperatures  high  enough  for  initiation.  On 
the  other  hand,  if  the  deformation  is  localized, 
as  in  shear  banding,  significant  temperature 
rise  can  occur.  Several  attempts  have  been 


Figure  3(b).  Shear  Band  Formation  in  an 
Impacted  TATB! Ammonium  Perchlorate 
Mixtured  cm  =  10pm) 


made  In  the  past  to  assess  the  temperature  rise 
in  shear  bands.*’^'*^  Qrady  and  Kipp^  have 
derived  expressions  for  shear  band  spacing, 
width,  and  growth  times  based  on  a  catastro¬ 
phic  growth  model  of  unstable  thermoplastic 
shear.  Their  expressions  relate  the  shear  band 
characteristics  with  the  thermal  properties  of 
the  material  and  the  dyhamlc  loading  data. 
The  expressions  provided  are  as  follows; 


1280 


Band  spacing, 


(2) 


where  p  is  the  density,  c  is  the  spocUlc  heat,  k 
Is  the  thermal  dlffusivity  (X/pc),  X  is  the 
thermal  conductivity,  Cy  is  the  flow  stress,  a  Is 
the  thermal  softening  coefltcient  in  the  shear 
band,  and  V  is  the  shearing  strain  rate.  The 
thermal  softening  coefficient  a,  is  taken  as 
2.0/Tnt  since  the  shear  stress  Is  assumed  to  fall 
to  zero  at  half  the  melting  point,  T^.  The  flow 
stress,  ly,  is  defined  as  ty  -  0.6Y,  where  Y  is 
the  uniaxial  yield  stress,  which  in  turn  is 
related  to  the  Vickers  Hardness  value,  Hy,  by 
Hy  s  3Y.  The  shear  strain  rate  ^  is  ^ven  by 
Vs  t  where  t  is  the  longitudinal  strain  rate 
which  is  related  to  the  radial  velocity,  Vr,  by  6 
s  2Vr/r,  r  being  the  radius  of  the  sample. 


Typical  values  for  the  various  properties 
mentioned  above  for  different  explosives  con¬ 
sidered  are  given  in  Table  1.  Calculated  band 
spaclngs  and  widths  and  the  corresponding 
experimental  values  for  the  former  are  listed 
in  Table  2.  Calculations  have  been  done  at  two 
strain  rates  viz,  2  x  10^  and  lO^/s,  the  former 
being  a  representative  strain  rate  for  drop- 
impact  experiments. 

It  is  evident  from  the  results  presented  in 
Table  2  that  a  fair  agreement  exists  between 
the  calculated  and  experimental  band  spac- 
ings.  It  has  to  be  pointed  out  here  that  the 
numbers  given  in  the  Table  are  only  estimates 
and  are  meant  to  give  an  idea  of  the  order  of 
magnitude  value  for  shear  band  spaclngs  and 


widths.  Only  calculated  bandwldths  are  given 
in  Table  2„  since  the  experimental  values  could 
not  be  easily  ascertained  from  the  photo¬ 
graphs.  However,  the  latter  are  much  higher 
than  those  predicted  by  Equation  (2).  Frey*^ 
has  stated  that  the  thickness  of  the  shear 
region  is  typically  less  than  one  micron,  while 
Howe  et  al.'^  have  found  shear  cracks  with 
widths  in  the  range  of  10-100  pm  in  heavily 
confined  explosive  targets  subjected  to  impact. 

CONCl.USlONS 

If  hot  spots  are  to  be  produced  in  an 
impacted  explosive,  mechanisms  must  exist  for 
localized  dissipation  of  impact  energy.  In  this 
paper  experiments  have  been  described  in 
which  single  crystals  of  PETN  and  RDX  were 
impacted  by  spherical  particles  and  It  was 
shown  that  deformation  occurs  In  localized 
bands.  Such  shear  bands  have  also  been 
observed  in  explosives  subjected  to  subcritical 
impacts  in  the  drop-weight  impact  test.  Cal¬ 
culated  band  spaclngs  agree  with  the  experi¬ 
mental  values.  Since  substantial  temperature 
rises  have  been  predicted  in  shear  bands,  it  is 
likely  that  they  could  serve  as  Initiation  sites 
In  rapidly  deforming  explosives  and  experi¬ 
mental  evidence  (References  3,  4,  11)  indeed 
confirms  that  adiabatic  shear  of  the  material  is 
a  plausible  ignition  mechanism. 
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Table  I .  Physical  Properties  of  Various  Explosives 


Explosive 

P 

g/cc 

a(x  10®) 

k‘ 

C 

J/kg.K 

oh 

k(x  10*) 
m®/8 

PETN 

1.78 

4.84 

1092.0 

0.050 

12.96 

RDX 

1.81 

4.18 

1192.8 

0.039 

5.20 

HMX 

1.90 

3.58 

970.2 

0.066 

27.80 

Tetryl 

1.71 

4.96 

1058.4 

0.050 

16.80 

Picric  Acid 

1.76 

6.06 

987.0 

0,060 

6.80 

Values  taken  from  References  14  and  16 
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Table  2.  Shear  Band  Spacinge  and  Widths  for  Different  Explosives 


Band  spacing  (pm) 

Band  width  (pm) 

Calculated 

Experimental 

Calculated 

Explosive 

2xl0‘/a 

10®/B 

Drop 

Impact 

Particle 

Impact 

2x10®/b 

10®/8 

PETN 

266 

76 

260 

76 

0.12 

0.08 

RDX 

237 

71 

- 

60 

0.08 

0.06 

HMX 

321 

96 

400 

- 

0.20 

0.14 

Tetryl 

260 

77 

- 

- 

0.13 

0.09 

Picric  Acid 
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0.19 

0.04 
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GAP  TESTS  AS  A  METHOD  OF  DISCRIMINATING 
SHOCK  SENSITIVITY 

Stephen  A.  Aubert,  Gary  H.  Pareoni,  J.  Gregory  Glenn,  and  Jame»  L.  Thoreen 

Air  Force  Armament  Laboratory 
Energetic  Materiali  Division 
Eglin  AFB,  Florida  S2542 


The  shock  sefuUiuUy  of  cast  TNT-baaed  explosives  was  determined 
using  a  modified  Expanded  Large  Scale  Qap  Test  (ELSQT).  The 
modified  test  substituted  cast  Comp  B  for  the  pressed  pentolite  donors 
used  originally,  Piezoelectric  pins  were  internally  mounted  in  the 
acceptor  charges  to  measure  shock  velocity,  detonation  velocity,  and  run  ' 

to  detonation  distances.  Cast  TNT,  Tritonal,  Comp  B,  and  AFX' 1100  I 

Mod  II  (66  percent  TNT,  16  percent  OD2  Wax,  and  18  percent  alumi¬ 
num)  were  tested  for  Cap  sensitivity.  Pressed  charges  of  PBX-9S0?. 
were  also  tested  and  used  as  a  stan^rd  of  comparison.  The  test  was 
calibrated  using  shock  time  of  arrival  measurements  to  determine  the 
shock  velocity  through  the  plexiglas  gap.  The  plexiglas  equation  of 
state  and  conservation  of  momentum  equation  were  used  to  derive  the 
peak  pressure  profile  in  the  plexiglas.  The  AFATL  8-inch  diameter 
Qap  test  was  also  calibrated  using  this  method.  These  results  were 
then  compared  for  correlation  with  existing  data  for  the  NOL  LSOT 
and  the  AFATL  8-inch  diameter  Qap  test.  It  was  found  that  the 
apparent  eensiti'tity  to  shock  was  strongly  dependent  on  the  diameter  of 
the  test  ci'uxrges.  Tests  at  smaller  diameters  yielded  higher  gap  peak 
pressures  than  tests  of  the  same  explosive  at  larger  diameters.  Less 
sensitive  explosives  like  PBX-9502  and  AFX-1100  showed  little 
dependency  between  scnsitivHy  and  charge  diameter,  while  TNT  and 
Comp  B  showed  a  significant  dependency  between  the  two. 


INTRODUCTION 

Evaluation  of  the  shock  sonsiiivity 
characteristics  of  insensitive  explosives  by  gap 
testing  is  complicated  by  their  moderate  to 
large  failure  diameters.  Since  steady  state 
detonation  cannot  be  sustained  below  an 
explosives  failure  diameter,  standard  gap  tosts 
such  as  the  Small  Scale  Qap  Test,  the  Naval 
Ordnance  l  ab  (NOL)  Large  Scale  Gap  Test 
(LSOT),  and  the  Los  Alamos  Nationul  Labs 
(LAND  Large  Scale  Gap  Tests  are  of  limited 
value,  and  can  lead  to  erroneous  estimates  of 
the  critical  initiation  pressure  when  large 
failure  diameter  materials  are  tested  in  these 
configurations.  ‘ 


As  part  of  a  study  to  model  sympathetic 
detonation  of  munitions  and  to  account  for 
diameter  effects  in  testing,  the  Air  Force 
Armament  Laboratory  (APATL)  developed  an 
8-inch  diameter  gap  test  The  8-iucb  diameter 
test  geometry  far  exceeds  the  minimum  failure 
diameter  requirements  of  moot  materials.  In 
addition,  heavy  confinement  of  donor  and 
acceptor  charges  cimulates  the  long  duration 
shock  pulses  experienced  by  weapons  in  round 
to  round  propagation  exporiments  It  has  also 
been  a.sBerted  and  demonstrated  that  pulse 
duration  as  well  as  peak  pressure  is  an 
important  influence  in  explosive  initiation.^** 
Thr  acceptor’s  16-inch  length  allows  adequate 
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time  for  tranupiration  of  deflagration  to  det¬ 
onation  transitions,  also  important  in  round  to 
round  propagation.  The  large  size  of  the  test  is 
a  disadvantage  when  considering  the  need  for 
the  large  number  of  tests  necessary  in  the 
sensitivity  screening  end  explosive  character¬ 
ization  procesD. 

The  recently  developed  Expanded  Large 
Scale  Qap  test  (ELSQT)  Ic  a  compromise 
between  *.he  smaller  tests  and  the  8-inch  test  of 
AFATL.^  The  acceptor  ID  of  2.88  inches  with 
0.436  inch  conftnement  is  large  enough  to  test 
most  explosive  materials  accurately  for  shock 
sensitivity  characi;eristics,  yet  small  enough  to 
meet  the  high  throughput  demands  of  com¬ 
posite  explosive  formulation  and  screening 
processes,  A  comparison  of  the  geometry  of 
various  gap  tests  is  found  in  Table  1 . 

The  ELSQT  has  been  modified  by  using 
cast  Comp  B  boosters  to  replace  the  pressed 
pentollte  donors  used  originally.  Cast  Comp  B 
donors  were  preferred  because  of  ease  of 
processing  and  comparison  with  the  8-inch 
diameter  gap  test,  which  also  uses  cast  Comp  B 
donors.  Ten  piezoelectric  pins  were  placed 
internal  to  the  acceptors  to  obtain  shock  and 
detonation  velocities,  and  run  to  detonation 
distances.  The  objective  of  this  study  was  to 
obtain  baseline  data  on  oast  TNT,  Tritonal, 
Comp  B,  AFX-llOU  11,^  and  PBX  9602,  in  a 
modified  ELSQT  configuration.  In  addition,  it 
was  desired  to  calibrate  both  the  modified 
ELSQT  and  8-lnch  diameter  gap  tests  and 
compare  and  correlate  the  baseline  data 
obtained  here  with  existing  data  from  the  NOL 
LSQT  and  8-inch  diameter  gap  test. 

EXPERIMENTAL  PROCEDURES 

Calibration  of  the  Modifled  ELSQT  was 
accomplished  by  determination  of  the  shock 


velocity  decay  profile  through  the  Polymethyl¬ 
methacrylate  (PMMA)  gap.  Piezoelectric  pins 
were  placed  1.76  inches  into,  and  at  0.6  inch 
increments  along  the  axis  of  wave  propagation, 
of  one  continuous  3.76  inch  diameter  by  6  inch 
long  cast  PMMA  rod.  All  machining  toler¬ 
ances  were  ±0.006  inch.  The  test  setup  is 
.depicted  in  Figure  1.  Dynasen  CA-1136  piezo¬ 
electric  pins  were  used  In  all  testing.  Data  was 
recorded  on  an  HP  6 180 A  digital  waveform 
recorder  with  60  nanosecond  resolution.  The 
resulting  time-of-arrlval  signals  were  differ¬ 
entiated  to  determine  the  shock  velocity  at 
each  station  ft'om'  0.6  inch  to  6  Inches  through 
the  PMMA.  Pins  were  radially  spaced  16”  and 
offset  0. 1 26  inch  from  the  center  to  reduce  their 
intrusive  effects  on  the  response  of  down¬ 
stream  pins.  Six  tests  with  11  stations  each 
were  conducted,  three  on  the  0.6  inch  at 
0.6  inch  Increments  and  three  on  the  0.26  inch 
at  0.6  inch  incretnents.  A  0.26  inch  shim  disk 
was  placed  at  the  front  of  the  6-inch  long  rod  to 
position  the  stations  at  the  desired  point  from 
the  Explosive  PMMA  interface  in  the  second 
set  of  tests.  The  particle  velocity  in  the  PMMA 
was  calculated  using  the  plexiglas  equation  of 
state  obtained  by  Jaffee  et  al.*^  (Equation  (1)). 

U  =  1.82  u^. -I- 2.69  (1) 

■  p 

Where  U,  is  the  shock  velocity,  and  Up  is 
the  particle  velocity  in  the  PMMA.  The 
relation  derived  from  the  conservation  of 
momentum  equation  (Equation  (2))  was  used 
to  calculate  the  peak  pressure. 

Where  P  is  the  peak  pressure  and  po  is  the 
density  of  PMMA  (1 . 186  g/cc). 


Table  1 .  Qap  Teet  Oeometry  Compariton 


T6ut 

Donor  Dla  (in) 

Acceptor  Dla  (In) 

ExWt.  (lbs) 

ID/OD/Casewall 

ID/OD/Casewall 

Donor/Acceptor 

NOLLSGT 

0/2.00/0 

1.44/1.87/0.217 

0.26/0.6 

ELSQT 

0/3.76/0 

2.88/3.76/0.436 

2.6/4.6 

8-lnch 

7/8/0.6 

7/8/0.6 

20/33 
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Figurti  1.  Modified  ELSQT  Calibration  Setup 


Treatment  of  data  below  of  3.0  mm/ 
UBec  required  use  of  an  alternate  fiugeniot  due 
to  the  bend  in  the  Hugonlot  cui‘ve  below  this 
region,  shown  by  Erkman.^  However,  to 
obtain  the  Hugoniot  for  this  region,  the  JafTee 
data  was  separately  fit  with  a  suoond  linear 
equation  for  the  points  where  was  less  than 
3.0  mm/usec,  resulting  in  Equation  (3). 

U^=  2.16  Up +  2.44  (3) 

This  method  was  preferred  over  use  of  the 
Erkman^  or  l4iddiard^  equations  because 
velocities  es  low  as  2.702  mm/usoc  were 
obtained  in  this  work,  a  region  to  which  these 
Hugoniots  did  not  extend. 

Calibration  of  the  AFATL  8-Inch  Gap  test 
was  conducted  aimilariy  to  the  modified 
ELSGT.  The  tout  setup  is  depicted  in  Figure  2. 
The  piezoelectric  pins  were  embedded  only  to 
2.876  inches  into  the  PMMA,  as  they  were  only 
3  inches  long,  leaving  the  pin’s  sensor  end 
1.126  inches  from  the  disk’s  center.  The  disks 
were  fabricated  from  cast  sheets  of  PMMA  2  or 
3  inches  thick,  and  machined  to  u  tolerance  of 
±  0.005  inch,  to  facilitate  assembly.  A  0.5  inch 
or  1  inch  thick  shim  disk  was  used  to  position 
the  stations  at  the  desired  distances  from  the 
donor  explosive/PMMA  interface.  Six  tests, 
with  8  or  9  pin  stations  each  were  conducted. 
Three  repetitions  on  the  inch  at  1  inch  incre¬ 
ments  and  three  repetitions  on  the  0.6  inch  at 
1  inch  increments  were  conducted. 

The  Modified  KL.SGT  was  conducted  in 
accordance  with  methods  established  for  the 


PlCZOCLEUfRIi;  Plill 

\  ■ 


"C 

CORP  1 

06R0R 

.  1-  •  ■ 

1  ■ 

liS  "  PRHR 

PlNi  *ED(ELLV  iPECEO  U  OEfElEE  RniRV 
3  RCPEtltlBNI  RE  INOMN 
3  RmriTtOtillE  Hitfl  E  It  IRCR  PErR  EREUCl) 

Figure  2.  Fight  Inch  Diameter  Oap  Test 
Calibration  Setup 

KhSQT  by  lilddiard  &  Price.^  Cast  composi¬ 
tion  B  charges,  3.75  inches  by  3.76  inches:,  were 
used  as  donors.  Densities  of  donor  charges 
averaged  1.682  ±  0.008  grams/cc  (96.94% 
TMD)  a's  indicated  in  Table  2.  A  1  by  1  inch 
A-h  pellet  and  RP2  electrical  bridgewire 
detonator  were  used  to  initiate  the  donor 
charges.  HMMA>  attenuators,  fabricated  fVom 
cast  rod  for  2. and  3  inch  thick. disks  or  cast 
sheet  for  1  ibch  or  less  thick  disks,  resolved  to 
onotsiateenth  of  an  inch  were  used  as  the  gap 
material.  The  surfaces  of  the  PMMA  disks 
were  machined  to  a  toloranco  of  ±0.005  inch. 
Thu  average  densities  of  the  PMMA  disks  ware 
1.177  ±  0.005  grams/cc  for  disks  from  cast  rods 
and  1.184  ±  0.008  grams/cc  for  disks  from  cast 
sheet.  The  acceptor  was  placed  0.126  of  an  inch 
above  a  0.7b  inch  thick  8  inch  square  cold 
roiled,  mild  steel  witness  plate.  Ten 
piezoelectric  pins  were  placed  1.44  inches  into 
the  charge  to  obtain  shock  and  detonation 
velocities.  A  diagram  of  the  test  setup  is  shown 
in  Figure  3.  A  mudided  Brucaton  up/down 
method  of  testing  was  applied.  Typically, 
however,  only  eight  charges  of  each  materia  I 
were  needed  to  resolve  the  gap  distance  within 
0.062  of  an  inch  of  PMMA.  Densities  of  all 
acceptor  charges  tested  arc  listed  in  Table  2. 

RESULTS 

The  results  of  the  modified  EhSOT  cali¬ 
bration,  time  of  arrival  (TOA),  shock  velocity 
(Ub),  and  particie  velocity  (Up)  data  are 
tabulated  in  Table  3  and  plotted  In  Figure  4. 
This  data  was  then  used  to  generate  the 
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Tablt  2,  Explosive  Densities 


Explosive 

Charge 

TMD 

(g/ce) 

Density 

(g^CCJ 

%TMD 

Standard 

Deviation 

(g/cc) 

CotiipB  ,  . 

Donor 

MBM 

1.682 

96.94 

0.008 

TNT 

Acceptor 

1.686 

96.14 

0.009 

Tritonal 

Acceptor 

1.79 

1.711 

96.67 

0.002 

CompB 

Acceptor 

1.74 

1.698 

97.46 

AFX-llOOIIOOO 

Acceptor 

1.69 

1.621 

96.66 

0.006 

AFX-UOOnOOl 

Acceptor 

1.69 

1.629 

96.16 

0.002 

AFX4100II002 

Acceptor 

1.69 

1.630 

96.20 

0.020 

PBX9602 

Acceptor 

1.94 

1.886 

97.12 

0.601 

3.78* 


11.8r' 


S.7SV 


C0N7  ■ 

Dom 


NCCEPTOI 
EiNi  •  r' 


HITNCfl  FUNTE 
1.78  X  I  N  8 


Figures,  Modified ELSQT Setup 


pressure  versus  distance  data  of  Table  4  and 
plotted  in  Figure  5.  The  graphed  data  shows  a 
characteristic  bend  in  the  curve  at  1.76  inches. 
This  corresponds  proportionally  to  the  bend 
seen  in  previous  calibration  of  the  NOL  IjSQT^ 
which  showed  a  bend  in  its  pressure  versus 
distance  (P  vs.  X)  curve  at  1.38  inches.  Pres¬ 
sures  were  calculated  from  U,,  Up  data,  using 
Equation  (2)  for  each  station  of  each  test  indi¬ 
vidually.  The  pressures  for  each  station  were 
then  fit,  using  least  squares  method,  with  a 
double  polynomial.  The  best  Ht  of  the  data  was 
obtained  witli  a  third  and  second  order 
polynomial,  fot  the  left  and  right  sides  of  the 
curves.  The  resulting  equations  were  then 


used  in  the  final  P  versus  X  curve: 


P(x)  = 


12.29  •l•^8.38x-42.76 
+  14.42  X®,  fork  <1.76 

16.52-6.670X+ 0.489  x®,  for  x^  1.76 


The  optimal  joint  is  at  1.76  nonnormalised. 
Tho  coefficient  of  multiple  determination  is 
equal  to  0.9686.  The  curves  were  constrained 
to  meet  at  the  joint.  '*'he  fitted  data  has  been 
tabulated  by  APATL/MNE.*® 

The  data  (TOA,  U|,  Up)  for  the  B*Inch 
Diameter  Qap  Test  Calibration  is  tabulated  in 
Table  6  and  plotted  in  Figure  6.  At  this 
diameter,  the  characteristic  bend  in  the  P  vs.  X 
curve  occurred  at  3.6  inches.  The  pressure 
versus  distance  (P  vs.  X)  data  is  listed  in 
Tabled  and  plotted  in  Figure  7.  Pressures 
were  again  calculated  for  each  station  and  fit 
with  a  double  polynomial,  using  a  least 
squares  method,  to  produce  the  final  P  vs,  X 
curve,  as  was  done  with  the  modified  ELSQT. 
Third  and  second  order  polynomials  for  the  left 
and  right  sides  of  the  curve,  again  produced  the 
best  fit  of  the  data; 


P(x)s= 


-17.49  +  41.91x-18.42x® 

+  2.444  X®,  forx<3.B 

17.02-2.9BBX  +  0.1391  x®.forxfe3.6 


The  optimnl  joint  is  3.6  nonnormalized.  The 
coefficients  for  multiple  determination  were 
equal  to  0.9934.  The  calibration  was  not 
extended  far  into  the  low  pressure  region 
(below  Up  <.5),  hence  no  special  treatment  of 
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Tabu  3.  Modified  ELSOT  TOA,  Shock,  and  Particle  Velocity  Data 


X(in)  TOA 


UMC  mm/uROC  mtn/uHec  usee  mm/usec  mm/usec 


21.10 

22.16 

23.60 

24.16 

26.30 

27.46 

28.90 

30.26 
31.^6 
33,40 

36.26 

36.70 

38.70 


6.080 

4.886 

4.704 

4.704 

4.886 

4.536 

4.164 

4.032 

3.848 

3.848 
3.681 


42.60  3.342  0.495 


49.26 

61.86 

64.00 

66.90 


21.10 

22.20 

23.46 
24.76 
26,20 

27.46 
29.00 
30.30 

31.80 
33.40 
36.05 

36.80 

38.80 
40,36 
42.60 
44.70 
46,20 


64,60 

66,76 


4.704 

4.636 

4.466 

4.636 

4.067 

3.908 

3.736 

3.387 

3.677 

3.432 

3.299 

3.432 

2.702 

3.024 

3.024 

2.864 


0.991 

0.866 

0.733 

0.624 

0.649 

0.654 


TOA 

usee 

u, 

mm/usec 

20.90 

22.2b 

• 

23.06 

6.907 

24.76 

4.288 

25.86 

4.636 

27.36 

4.886 

28.60 

4.618 

30.26 

4.379 

31.60 

4.233 

33.26 

4.233 

34.96 

3.791 

36.60 

3.791 

38.30 

3.791 

40.70 

3.628 

42.10 

3.342 

44.10 

3.266 

46,15 

3.136 

48.16 

3.136 

60.40 

2.988 

61.70 

2.988 

65.06 

2.731 

66.40 

1 

2.702 

i.H  1.00  O.M  o.to 

OlOTANOI  (INOHIS) 

Figure  4.  ELSGT  U,  Vs.  Distance  Plot 

low  end  dulu  was  required.  The  flUed  data  has 
been  tabulated  by  AFATlVMNIfi.'^^ 

The  resultH  of  the  modified  ELSQT 
series  are  listed  in  Table  7.  TNT  yielded  a 
60  percent  gap  thickness  of  between  438  (QO) 


and  460  (NOQO)  cards  (.01  inch),  or  17  to 
16kbar,  while  Tritonal  yielded  a  value  of  be* 
tween  406  (QO)  and  412  (NOQO)  cards,  or  21  to 
16  kbar.  AFX-1100  MOD  II  showed  some 
variability  in  the  throe  different  batches 
tested.  This  explosive  yielded  values  between 
256  and  263  cards  (66-52  kbar)  for  charges 
with  an  average  density  of  1.621  g/cc  and 
between  244  and  260  cards  (69-66  kbar)  for 
charges  averaging  1.629  g/cc.  Comp  B  gave  a 
value  of  between  619  and  626  cards  (10  to 
9  kbar),  PBX-9602  gave  a  value  of  between 
200  and  206  cards  (70-69  kbar).  NOL  LSQT 
data  is  also  listed  in  Table  7.  Data  for  TNT, 
Tritonai,  and  Comp  B  are  averages  of  only  the 
values  derived  using  cast  charges.  ^  ^  Pentolite 
donors  were  used  in  all  NOL  LSQTs. 

DISCUSSION 

The  calibration  of  both  the  modified 
B'lLSGT  and  8-lnch  diameter  gap  test  com¬ 
pared  favorably  with  existing  data  for  the  NOL 
LSQT.**  Pressures  are  sustained  at  higher 


1288 


Table  4 .  Modified  EL8QT  Preeeure  Calibration  Data 


X(in) 

Pl(kbar) 

P2(kbar) 

P3(kbar) 

PAvg(kbar) 

Standard 

Deviation 

mm 

94.3 

118.66 

106.60 

12.16 

1.26 

87.48 

92.87 

92.81 

91.06 

3.09 

1.60 

77.60 

73.06 

- 

76.30 

2.64 

1.76 

77.69 

77.69 

67.88 

71.02 

11.38 

2.00 

. 

68.87 

73.02 

70.94 

2.08 

2.26 

68.87 

64.88 

61.07 

64.94 

3.90 

2.60 

61.14 

68.87 

64.22 

68.08 

9.47 

2.76 

46.36 

48.17 

64.22 

49.26 

4.63 

3.00 

37.77 

40.16 

36.49 

37.80 

2.33 

3.26 

37.77 

33.36 

36.49 

86.64 

2.20 

3.60 

31.34 

21.06 

36.49 

29.29 

4.29 

3.76 

- 

28.76 

26.80 

27.28 

1.48 

msm 

29.61 

22.66 

19.69 

23.92 

6.16 

4.26 

18.26 

16.90 

17.68 

1.68 

4.60 

22.66 

13.36 

18.02 

4.67 

4.76 

- 

13.36 

13.36 

- 

mMM 

10.22 

9.27 

9.74 

0.48 

6.26 

. 

9.27 

9.27 

» 

6.60 

10.22 

6.20 

8.21 

2.01 

6.76 

9.22 

6.62 

7.37 

1.86 

Figures.  ELSOT  PMM A  Pressure  Ve. 
Distance  Profile 


level!  for  longer  distance!  as  the  test  diameter 
is  increased.  This  is  due  to  the  increase  in  the 
TOA  for  the  lateral  rarefraction  wave  with 
larger  radius.  Also  of  interest  is  the  change  in 
distance  of  the  characteristic  knee  of  each 
curve.  The  NOL  LBQT's  knee  comes  at 
1.3  inches,  the  Modified  BLSQT’s  is  at 
1.76  inches,  and  the  8-inch  gap  test’s  comes  at 
3.60  inches.  This  rough  correlation  of  donor 


diameter  with  curve  knee  position  corresponds 
to  the  suggestion  made  by  Price  that  the  knee 
is  due  to  shock  rareflraotions  from  the  donor 
lateral  side  wall  overtaking  the  lead  shock 
wave.*^  The  knee  was  also  more  pronounced 
than  was  expected  for  both  sise  tests,  and  is 
presumably  due  to  unequal  radial  TOA  of  the 
rarefraction,  as  a  result  of  the  off-centered  pin 
sensor  position. 

Tests  results  for  the  cast  TNT-based 
explosives  revealed  the  Modified  BLSQT  test 
discriminated  among  the  various  explosives 
better  than  the  standard  NOL  LSQT.  TNT  and 
Tritonal  with  gap  peak  pressures  of  46.3  and 
60.1  kbar,  respectively,  in  the  NOL  LSQT  gave 
results  of  17  and  21  kbar  in  the  modified 
ELSQT,  a  significant  change  in  pressure.  The 
insensitive  PBX  9602  and  APX-llOO  II  showed 
little  change  in  gap  peak  pressure  from  one 
test  to  the  next.  Values  were  69.3  and 
68.6  kbar,  respectively,  in  the  NOL  LSQT  and 
69  and  66  kbar  for  the  BLSQT  test.  The 
change  indicates  that  the  effect  of  diameter  on 
the  apparent  sensitivity  of  an  explosive  can  be 
strong  and,  further,  that  the  effect  changes 
from  one  explosive  to  the  next.  The  general 
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Tablt  6.  Eight-Inch  Diameter  Qap  Teet  TO  A,  Shock,  and  Particle  Velocity  Data 


X(in) 


TOA 

uiec 


mm/usec 


6.131 

6.131 

6.184 

4.748 

4.704 

4.496 

4.198 

4.064 

4.130 

3.908 

3.681 

3.662 

3.364 

3.320 


TOA  U, 
usee  mm/usec 


TOA 

usee 

mnSGsec 

43,46 

• 

46.26 

• 

- 

48.16 

6.400 

1.849 

60.16 

6.184 

1.706 

63.40 

4.840 

1.480 

66.36 

4,886 

1.610 

68.80 

4.700 

1.388 

61.00 

4.496 

1.264 

4.300 

1.126 

67.16 

4.130 

71.16 

3.940 

73.00 

3.820 

0.809 

3.680 

0.717 

3.603 

0.666 

ETi 

3.600 

0.699 

88.46 

3.342 

0.496 

96.40 

3.196 

0.398 

Figure  6,  Eight-Inch  Diameter  Shock  Velocity 
Profile 


trend  was  for  apparent  sensitivities  to  be 
greater  with  greater  test  diameter. 

The  affect  of  diameter  on  apparent 
sensitivity  is  ilirther  evidenced  by  comparison 
with  the  data  for  the  8-lnch  diameter  gap  tost, 
listed  in  Table  8  and  Figure  8.  All  explosives 
tested  showed  decreasing  gap  peak  pressures 
as  test  diameter  was  increased.  TNT  and 
Tritonal  exhibited  the  most  pronounced 
diameter  effect.  Their  sensitivities  changed 
from  46.3  and  60.1  kbar,  respectively,  at  a 
diameter  of  1.88  (OD),  to  14  kbar  each  at  a 


diameter  of  8  inches.  The  majority  of  sensi¬ 
tivity  change  occurred  by  the  change  to  the 
BLSQT  at  3.76  inch  diameter  geometry,  It  has 
been  shown  that  the  pulse  duration  of  the 
applied  shook  in  a  gap  test  is  lengthened  with 
increased  charge  diameter.^'*’*  The  average 
pulse  lengths  at  60  percent  of  peak  height  flrom 
the  regions  of  30  to  70  kbar  for  the  NOL  LSQT 
and  ELSQT  are  3.2  and  6.06  usee,  respec¬ 
tively.*^  The  positive  pulse  duration  for  the 
8-lnch  gap  test  varies  fVom  26  to  33  usee  in  this 
same  pressure  region.  A  degree  of  uncertainty 
is  unavoidable  due  to  possible  differences  in 
pulse  duration  between  Pentolite  and  Comp  B. 
Any  differences,  however,  are  assumed  to  be 
small  and  Insignificant  compared  with  the 
effect  of  charge  scale  on  pulse  duration.  Since 
pulse  duration  is  proportional  to  charge  dia¬ 
meter,  the  results  of  the  TNT  and  Tritonal 
tests  exhibit  some  correlation  with  the  P^t  = 
constant  relationship.  Comp  B  showed  a 
moderate  dlametor  effect  with  apparent  gap 
peak  pressures  changing  from  18  to  9  kbar. 
Again,  the  majority  of  sensitivity  change 
occurred  before  a  diameter  of  3.76  inches. 
PBX9602  and  APX-llOO  II  showed  somewhat 
different  effects,  although  their  apparent  gap 
peak  pressures  decreased  with  increasing 
diameter,  the  effect  was  smalt  and  linear  over 


Table  6.  Eight^Inch  Qap  Test  Pressure  Calibration  Data 


X(in) 

Pl(kbar) 

P2(kbar) 

P3(kbar) 

P  Avg  (kbar) 

Standard 

Deviation 

1.6 

134.48 

134.48 

163.18 

144.06 

16.67 

2.0 

118.40 

101.76 

126.22 

116.46 

12.60 

2.6 

101.76 

104.92 

104.91 

103.86 

1.83 

3.0 

84.97 

104.88 

84.96 

91.60 

11.60 

3.6 

79.94 

79.93 

87.48 

82.46 

4.36 

4.0 

77.38 

77.60 

76.27 

76.76 

1.29 

4.6 

66.86 

62.98 

66.87 

66.57 

2.24 

6.0 

67.37 

62.68 

69.19 

66.41 

3.36 

6.6 

46.74 

48.16 

49.63 

48.18 

1.44 

6.0 

41.60 

49.62 

41.49 

44.20 

4.69 

6.6 

40.19 

31.04 

36.64 

37.09 

2.90 

7.0 

26.39 

31.29 

29.81 

29.16 

2.61 

7.6 

26.66 

28.47 

28.48 

27.87 

1.06 

8.0 

24.86 

20.19 

18.19 

21.32 

1.20 

8.6 

18.91 

20.32 

19.61 

19.61 

0.70 

9.6 

• 

16.68 

16.08 

16.38 

0.42 

Figure  7,  Eight  Inch  Diameter  PMMA  Pressure 
Vs,  Distance  Profile 

tho  region  of  diumclerH  leolud  'I'ho  resulls  of 
the  AFX'llOO  II  teslH  conflicl  with  the 
P^t  =  constant  criterion  us  the  oflect  of  wax  on 
Tritonars  sensitivity  is  much  greater  on  the 
duration  aspect  than  tho  peak  pressure  aspect. 
PBX9602  showed  virtually  no  change  in  gap 
peak  pressure  as  the  scale  of  the  test  was 
changed.  This  indicates  it  is  not  very  pulse 
duration  sensitive  when  tested  in  gap  test  and 
is  in  agreement  with  previous  flyer  plate 


experiments. Thus,  it  appears  that  truly 
insensitive  materials  such  as  PBX  9602  do  not 
conform  to  the  critical  energy  criterion 
Eci«P®t/poU,  for  initiation. 

CONCLUSIONS  AND 
RECOMMENDATIONS 

The  expanded  large  scale  gap  test  ade¬ 
quately  accounts  for  pulse  duration  effects  on 
shock  sensitivity,  such  that  little  change  in 
apparent  sensitivity  occurs  when  gap  tests  are 
scaled  to  larger  diameters.  However,  to  get  a 
true  indication  of  the  pressure  time  effect  on 
explosive  sensitivities,  gap  testing  should  be 
conducted  at  various  geometries.  Insensitive 
explosives  such  as  PBX  9602  and  AFX-1100 
show  little  change  in  apparent  sensitivity 
when  tested  in  gap  tests  at  various  geometries 
(NOL  LSGT,  ELSOT,  8  inch  diameter  gap 
test).  This  characteristic  should  be  used  to  dis¬ 
tinguish  insensitive  munitions  from  sensitive 
ones. 
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Table  7.  Modified  ELSOT  Vs.  LSQTResuUs 


Explosive 

MODELSGT 

Cardiii.Ol  in)  (kbar) 

GO  NOGO  GO  NOQO 

LSQT 

Cards  (.01  in)  (kbar) 

TNT 

438 

450 

17 

16 

131.7±8,3 

46.3±2.4“ 

Tritonal 

412 

21 

19 

120.7  ±6 

60.  It  1.8“ 

Comp  B 

519 

526 

10 

9 

212.6±7.3 

18.2±1.3“ 

APX-llOOIIOOO 

266 

263 

56 

52 

96±1 

68.6±0.4® 

AFX-llOOIIOOl 

56 

56 

06±1 

68.6  ±0.4® 

AFX-1100II002 

244 

59 

56 

96±1 

58.6  ±0.4® 

FBX9502 

206 

71 

69 

71±1 

69.3  ±0.4® 

Table  8.  Oap  Tent  Compariaon 


Gap  Presaure  (kbar) 


Explosive 

NOL  LSOT 

Modined 

ELSGT 

Eight-Inch 
Oap  Test 

TNT 

46.3 

17 

14 

Tri  tonal 

60.1 

19 

14 

Comp  B 

18,2 

10 

9 

AFX-llOOIl 

68.6 

56 

60 

PBX  9602 

69.3 

69 

65 

DinHETER  CINCHES) 


Figure  8.  Oap  Teat  Compariaon  of  Treasure  Vs.  Diameter 
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DISCUSSION 

DONNA  PRICE 
ATR,  Laurel,  MD 

Figure  8  of  this  paper  shows  the  60  per¬ 
cent  point  gap  pressure  (Pg)  plotted  against  the 
diameter  of  the  test  explosive  (the  acceptor). 
The  data  for  the  two  larger  diameters  were 
obtained  with  gap  tests  using  cast  Comp  B 
(1.68  g/cm^)  as  the  donor  and  fVom  calibration 
curves  of  cast  Comp  B  on  PMMA  gaps.  The 
data  for  the  tests  of  the  smallest  diameter 
(2  inches)  were  obtained  with  the  NOL  large 
scale  gap  teat  which  was  a  pressed  60/60 
pentollte  donor  (1.66  g/cm3)  and  a  calibration 
curve  of  pressed  pentollte  on  PMMA. 

Unfortunately,  donors  consisting  of  dif¬ 
ferent  explosives  are  seldom  interchangeable 
in  gap  tests.  In  particular,  pressed  pentollte 
(1.66  g/cm3)  and  cast  Comp  B  (1,68  g/cm3)  have 
different  C-J  pressures  and  different  prestiure- 
time  profUes  at  the  same  maximum  pressure, 
o.g.,  at  Pg.  To  obtain  valid  curves  in  Figure  8, 
it  would  oe  necessary  to  carry  out  the  large 
scale  gup  test  with  a  cast  Comp  B  donor  and  to 
obtain  a  calibration  curve  for  the  cast  Comp  B 
donor  on  PMMA  at  this  diameter  (2  inches).  If 
this  were  done,  1  suspect  that  the  three  curves 
of  Figure  8  (Tritonal,  TNT,  and  Comp  B)  would 
show  a  lower  value  for  the  Pg  of  2-inch 
diameter  charges  and  would  no  longer  show  a 
sharp  upturn. 

The  2-inch  diameter  value  for  PBX  9602 
is  also  in  some  doubt,  both  for  the  above 
reasons  and  also  because  this  explosive  was 
reclaimed  from  a  weapon  and  did  not  show  a 
96/6  TATB/Kel  F  composition  by  analysis. 
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For  the  reasons  given  above,  I  disagree 
with  much  of  the  Discussion  section. 

REPLY  BY  STEPHEN  A.  ALBERT 

Some  uncertainty  in  the  Qap  pressures  of 
the  NOL  tests  points  of  Figure  8  is  possible  due 
to  differences  in  the  pulse  duration  and  time 
loading  in  the  PMMA  produced  by  Comp  B  and 
Pentolite,  respectively.  However,  for  the  cake 
of  comparative  purposes,  thene  differences  in 
pulse  duration  produced  by  Comp  B  and 
Pentolite  are  assumed  to  be  small  and 
insignificant  in  comparison  with  changes  due 
to  charge  size.  The  justification  for  this 
assumption  is  found  when  comparing  the 
results  for  PBX  9602  in  this  work  using  Comp 
B  donors  with  the  results  for  TATB/Kel  F 
(93.7  ±  0.3/  6.3  ±  0.3)  found  in  Reference  5. 
Although  comparison  with  a  known  PBX  9602 
would  be  preferred,  this  was  the  only  testing  at 
this  size  available  and  was  considered  suitable 
for  this  purpose.  However,  the  charge 
densities  were  Identical,  at  1.886  g/cc  (97.1  ^ 
TMD)  in  the  two  sots  of  tests. 


In  this  work  the  result  for  PBX  9602  (96/5 
TATB/Kel  F),  using  Comp  B  donors,  yielded  a 
gap  distance  of  200-206  cards  or  69  kbars.  In 
tho  work  of  Reference  6  (using  pentolite 
donors).  TATB/Kel  F  (93.7/6.3)  yielded  a  gap 
value  of  between  170  and  172  cards.  Applying 
the  calculated  calibration  curve  provided  to 
NSWC  by  Bowman  of  the  LANL  for  the 
ELSQT  with  pressed  pentolite  donors  at 
1.66  g/cc,  this  corresponds  to  a  pressure  of 
64-66  kbars.  With  a  difference  of  6  percent, 
these  results  are  in  fairly  good  agreement 
considering  the  different  methods  used  to 
calibrate  the  two  teats  (measured  for  the 
modified  BLSQT  and  calculated  for  the 
ELSQT),  and  the  conditions  of  the  test  charges 
of  Reference  6.  Hence,  the  interchangeability 
of  Comp  B  and  Pentolite  donors  is  supported  by 
these  results.  Any  differences  in  gap  pressures 
for  TNT  and  Tritonal  in  NOL  Testing  with 
Comp  B  donors  would  similarly  be  expected  to 
be  small.  The  comparison  of  these  data  suggest 
to  ue  that  the  differences  are  small  and 
Figure  8  is  correct. 
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SHOCK  SENSITIVITY  OF  DAMAGED  ENERGETIC  MATERIALS 

H.  P.  Ricbtar,  U  R.  Boyer,  K.  J.  Grehem,* 

A.  H.  Lepie,  and  N.  G.  Zwtenehowsid 
ReMaroh  Department 
Naval  Weapona  Center 
China  Lake,  CA  08558^1 


Thi$  paper  prt$€nt$  the  reeulte  ofexperlmenkd  etudtee  conducted  in  the 
Reeeareh  Department,  Naval  Weapons  Center,  China  Lake,  CaUfitrnia. 
Specific  topics  diecueeed  include;  (1)  a  description  of  deformation 
induced  internal  damage  in  energetic  materials,  (2)  techniques  ussd  in 
our  laboratory  to  produce  damage,  (S)  methods  developed  to  charac' 
terise  that  damage,  and  (4)  shock  sensitivity  Increases  with  increasing 
damage  levels.  Significant  increases  in  shock  sensitivity  were  nwasursd 
us  a  function  of  damage.  The  criticed  initiation  pressure  of  explosives 
and  propellants  eon  be  reduced  by  SO  percent  with  only  J  percent  void 
volume  created  by  the  deformation  of  the  energetic  material. 


INTRODUCTION 

Thii  paper  ii  concerned  with  the  influ¬ 
ence  of  internal  damage  in  the  form  of  voida  on 
the  shock  sensitivity  of  energetic  materials: 
both  plastic  bonded  explosives  (PBXs)  and 
solid  rocket  propellants. 

The  damage  in  the  form  of  internal 
porosity  can  be  Induced  through; 

a  Mechanical  deformation  ranging  iVom 
low-rate  tensile  or  sheer  straining  to 
high-rate  bullet/fragment  impact  or 
case  failure  in  a  rocket  motor. 

a  Field  storage  of  the  energetic  material 
at  elevated  temperature  or  moisture 
conditions  such  that  voids  or  micro- 
cracking  are  produced. 

a  Poor  procesuing  conditions  in  the 
easting  of  the  energetic  material  (e.g., 
insufficient  vacuum  or  excess  water 
reacting  with  isocyanate  in  polymer 
cure  to  produce  voids). 

a  Thermally  induced  gassing  such  as  in  a 
cook-off  environment  or  accelerated 
aging  at  elevated  temperatures. 


"'Now  with  the  Atlantic  Research  Corporation, 
Qainesvlbe,  Virginia. 


Research  on  the  mechanisms,  characteri¬ 
sation,  and  effects  of  damage  in  energetic 
materials  has  been  ongoing  at  the  Naval 
Weapons  Center  (NWC)  for  years  and  is  contin¬ 
uing.^  Experimental  techniques  have  been 
developed  to  measure  changes  in  chemical, 
physical,  and  mechanical  properties  resulting 
firom  damage. 

Damage  is  a  critical  concern  when 
considering  the  probability  of  inadvertent 
explosion  or  detonation  of  both  warheads  and 
rocket  motors.  Previously,  tho  effect  of  damage 
on  energetic  material  hasards  has  been 
directed  primarily  to  the  study  of  porous 
materials.  Porosity  has  been  creaM  by  adding 
mlcroballoons,  using  blowing  agents  during 
cure  and  by  pressing  to  low  density  levels. 
Here  our  emphasis  is  on  the  production  of  well- 
charaeterlxed  damage  generated  in  a  realistic 
manner  for  chock  studies. 

DAMAGE  DESCRIPTION 

PBXs  and  solid  propellants  are  highly 
filled  polymers  with  up  to  90+  weight  percent 
solid  flller  content.  Any  finite  deformation  of 
such  a  material  causes  high  stress  Helds 
around  the  filler  particles  and  microstructural 
damage  in  the  form  of  polymer  chain  scissions 
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and  interfacinl  debonding.  The  debonding  and 
chain  Boiwione  occur  in  cloee  proximity  to  or  on 
the  eurface  of  the  filler  particlee;  thie  ii  termed 
dewetting.  The  itrueturai  damage  accumulates 
as  a  ftinction  of  deformation  and  an  increase  in 
porosity  occurs.  Three  types  ofporosity  can  be 
produced;  closed  cells,  interconnected  cells, 
and,  after  load  has  been  removed,  partially 
collapsed  voids  that  represent  permanent 
damage.  Figure  1  illustrates  a  uniaxial  tensile 
deformation  where  closed  cell  porosity  devel¬ 
ops  initially  next  to  embedded  crystals, 
Further  straining  of  the  material  stretches  the 
voids  into  elliptical  shapes  and  microcracking 
between  them  may  occur,  thus,  developing  an 
interconnected  porosity  with  possible  air 
penetration  into  the  material.  Upon  removal 
of  stress  the  voids  collapse  very  rapidly,  but  a 
residual  damage  remains  in  the  form  of 
partially  collaps^  voids.  These  reopen  easily 
on  repeated  deformation. 


Closed  Cell  Porosity 


Interconnected  Cell  Porosity 


Partially  Collapsed  Voids 

Figure  1.  Damage  Types  Resulting  from 
Deformation  of  Composite  Energetic  Materials 


DAMAGE  PRODUCTION 

Damage  was  produced  by  both  uniaxial 
tensile  deformation  and  high  rate  impact  prior 
to  shock  sensitivity  evaluation.  In  the  tensile 
ease,  a  "sister  sample"  approach  was  used: 
small  uniaxial  laboratory  samples  (?xlxl  cm) 
were  tested  in  detailed  dumag^  eharaeterixa- 
tion  studies  while  large  specimens  (10x4x4  cm) 
of  the  same  material,  ftvm  the  same  source, 
were  damaged  under  the  same  conditions  prior 
to  shock  testing. 

The  high  rate  impact  approach  of 
inducing  damage  is  shown  in  Figure  2.  Up  to 
four  large  test  specimens  (8x4x4  cm)  are  held 
in  a  projectile  such  that  the  degree  of 
confinement  on  the  sides  can  be  vari^.  The 
projectile  is  fired  from  a  gas  gun  at  velocities 
that  can  be  varied  from  20  to  100  m/sec.  The 
impact  of  the  projectile  is  followed  by  high 
sp^  photography  and  samples  are  recovered 
30  minutes  after  damaging  for  shock  testing. 
(Senerally,  one  of  the  test  specimens  was  used 
to  characterise  the  state  of  damage. 


UP  TO  4  AQUARIUM 
TB8T  SAMPLBS 


Figure  2,  Gas  Gun  Damage  Production  Tech¬ 
nique  for  Follow-on  Aquarium  GAP  Testing 

DAMAGE  CHARACTERIZATION 

New  experimental  techniques  have  been 
developed  at  NWC  to  characterise  porosity  in 
energetic  materials.  The  techniques  deal  with 
(1)  initial  voids  of  undamaged  material,  (2)  real 
time  measurement  of  voids  produced  during 
deformation,  (3)  the  time-dependent  collapse  of 
voids  following  deformation  whero  the  stress 
load  has  been  removed,  and  (4)  the  porosity  of 
material  at  long  times  (minutes)  after 
damaging. 
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Dllatometerff  are  uied  to  measure  the 
onset  of  dewetting  and  the  development  of  voids 
during  meehanleal  deformation  as  well  as  the 
timenlependence  of  void  collapse  after  the  load 
is  removed.  Both  uniaxial  tensile  and  torsional 
shear  dilatometers  have  been  developed.^*^ 

The  uniaxial  tensile  dllatometer  is  a 
new  and  relatively  simple  Instrument  which 
measure^}  the  stress-strain  and  void  volume- 
strain  properties  simultaneously.  The  design, 
shown  in  Figure  3,  uses  the  FC-43  Fluorlnert 
Blectronic  Fluid  (manufactured  by  the  3M 
Company,  St.  Paul,  Minnesota)  as  the  dilato- 
meter  fluid.  This  fireon-like  low-viscosity  fluid 
is  inert  in  terms  of  swelling  or  leaching  of  most 
energetic  material  compositions  studied.  The 
FC-43  Fluorlnert  liquid  has  a  density  of 
1.86  g/co,  which  is  dense  enough  to  carry  the 
transducer  float.  The  dllatometer  housing  is 
fabricated  of  Pyrex  with  an  0-ring  seal  to  the 
specimen  supporting  aluminum  base.  A  water 
Jacket  is  included  for  close  temperature  control 
which  can  be  critical  in  very  slow  deformation 
rate  studies.  The  load  is  transmitted  to  the 
specimen  via  a  piano  wire  which  passes 
through  the  precision-bore  glass  vent  tube. 
The  stress-strain  behavior  can  thus  be  deter¬ 
mined  in  a  conventional  manner  with  the 
Instron  tester.  A  hollow  glass  float,  to  which 
a  linear  variable  differential  transformer 
(LVDT)  core  is  attached,  is  then  placed  into  the 
precision-bore  glass  sldearm.  With  the  LVDT 
in  position,  vol-  ume  changes  of  1  x  10*^  cc  can 
be  reproducibly  measured  allowing  for  precise 
measurement  of  propellant  volume  changes. 
Void  volumes  up  to  60  percent  have  been 
measured  on  energetic  materials  at  break. 


Figure  3,  NWC  Liquid  Teruile  Dilatometer 


The  shear  dilatometer,  as  shown  in 
Figure  4,  measures  stress-strain  and  void 
volume-strain  properties  simultaneously  under 
torsional  shear  loading.^  The  instrument  uses 
mercury  as  the  dilatometer  fluid  and  has  been 
used  to  measure  proMllant  volume  changes  in 
the  range  of  1  x  10'^  to  60  volume  percent  at 
shear  strain  rates  flrom  1  x  10'^  to  1  x 
min'^  Figure  6  shows  the  seven  material 
properties  that  are  routinely  reported  in 
tensile  and  shear  dilatation  studies. 


Figure  4.  Torsional  Shear  Mercury  Dilatometer 


ITMIN - ► 


Figure  6,  Propellant  Properties  Under 
Deformation 

The  void  volume  relaxation  or  collapse 
following  deformation  is  a  critical  iisue  in 
terms  of  shock  response.  Our  results  to  date 
suggest  that  the  void  volume  at  the  time  of 
shock  initiation  is  the  most  critical  factor  in 
shock  sensitivity,  and  not  the  maximum  void 
volume  that  had  been  introduced  during  defor¬ 
mation.  Thus,  we  find  that  measurements  of 
the  time-dependent  void  collapse  are  essential 
in  understanding  the  effects  of  mechanical 
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damage.  Figure  6  illuetratei  the  deformation 
rate  effeota  on  both  the  void  volume  production 
and  the  void  collapee  after  failure  of  a  teat 
specimen.  At  a  high  strain  rate  (approxl* 
mately  100  times  faster  than  slow)  there  is  a 
pronounced  increase  in  voids  produced  relative 
to  the  slow  rate  results.  This  is  largely  a 
function  of  the  higher  stresses  produced 
around  the  largest  particles  at  high  rates.  The 
void  collapse  after  failure  is  very  fast  and  is 
highly  dependent  on  the  strain  rate.  At  high 
rates,  the  void  volume  produced  is  higher,  but 
very  rapid  void  collapse  is  seen.  At  lower  rates, 
considerably  less  collapse  is  seen,  such  that  at 
times  greater  than  1  second  higher  residual 
void  volumes  are  seen.  Again,  it  is  the  residual 
void  volume  that  is  critical  to  increasos  in 
shock  sensitivity.  The  void  collapse  variation 
with  rate  is  due  to  a  viscous  flow  factor.  As 
depicted  in  the  spring  and  dashpot  models  in 
Figure  6,  at  high  rates  the  spring  deformation 
predominates  and  high  snap-back  occurs  after 
failure.  At  slow  rates,  the  deformation 
involves  viscous  flow  of  the  dashpot  and  much 
less  snap-back  tensile  force  is  generated. 

A  hydrostatic  compression  instrument^  is 
used  to  measure  the  initial  void  content  of 
baseline  undamaged  energetic  materials,  as 
well  as  the  void  volume  remaining  after  mech¬ 
anical  deformation.  As  shown  in  Figure?,  two 
sample  configurations  can  be  applied.  The  first 
configuration  uses  three  rectangular  speci¬ 
mens  immersed  in  FC-43  fluid  which  are 
compressed  simultaneous!'  .  An  LVDT  trans¬ 
ducer  is  used  with  each  specimen  to  follow  the 
uniaxial  compression  as  a  function  of  applied 
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Figure  6.  Void  Volume  Profile  During  and 
After  Deformation 


pressure.  The  second  configuration  uses  a 
2.6  cm  cube  of  propellant  where  three  LVDTs 
are  used  and  the  X,  Y,  Z  directional  com¬ 
pression  properties  are  measured  independ¬ 
ently.  In  this  case,  any  anisotropic  behavior  or 
voids  produced  in  the  direction  of  straining  as 
compared  to  the  lateral  directions,  for  example, 
can  be  Investigated.  The  damaged  void 
volumes  show  this  behavior;  the  linear  com¬ 
pression  in  the  strained  direction  may  be  6  to  7 
times  greater  than  in  either  lateral  directions. 
Void  volumes  in  the  range  of  6  x  10'*  to 
6  volume  percent  can  be  measured  in  selected 
pressure  increments  up  to  1200  psi.  With  cast 
propellants  or  explosives  that  are  undamaged, 
a  compression  of  approximately  0.02  volume 
percent  is  seen  at  pressures  flrom  ambient  up  to 
300  psi  followed  by  a  linear  compression  bulk 
modulus  measurement.  Bulk  moduli  of 
undamaged  materials  are  typieall};  1  x  10*  psi 
(7  QPa).  The  void  volume  created  by  damaging 
an  energetic  material  can  be  measured  by 
straining  a  sample  to  failure  in  tension, 
followed  by  a  volume  collapse  period  prior  to 
hydrostatic  compression  testing.  Her^  an 
initial  void  compression  ranging  from  Oil  to 
2.6  volume  percent  has  been  seen  out  to 
300  psi  with  a  typical  bulk  modulus  reduced 
to  5x10*  psi  (3.6  QPa). 

Density  changes  before  and  after 
have  also  been  used  to  determine  volume 
damages  and  creation  of  voids.  Densities  are 
computed  flom  sample  weights  in  air  and  in 
silicone  oil.  A  glass  cube  with  a  known  volume 
is  used  as  a  standard,  to  compensate  for 
temperature  changes. 


Figure 7.  Hydroetatic CompreesionChamber for 
Linear  or  Cube  Specimen  Studies  up  to  1200 psi 
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SHOCK  SENSITIVITY 

In  an  effort  to  determine  the  shock 
seneitivity  of  energetic  materials  that  have 
sustained  various  degrees  of  damage,  three 
tests  were  considered:  The  NOL  Large  Scale 
Gap  Test  (LSQT);  the  Los  Alamos  National 
Laboratory  (LAND  Wedge  Test;  and  a  varia¬ 
tion  of  the  Liddiard  Aquarium  Test.  None  of 
these  established  techniques  lend  themselves 
readily  to  studies  of  damaged  material.  The 
LSQT  suffers  from  shockwave  distortions  due 
to  the  lateral  unloading  of  the  polymethyl¬ 
methacrylate  (PMMA)  shock  attenuator,  and 
from  the  stoel  eonflnement  tube.  The  LANL 
Wedge  Test  is  expensive  to  run  and  wedge 
preparation  with  damaged  material  would  be 
very  difRcult.  The  Aquarium  Qap  Tost, 
suggested  by  Jacobs  and  Price, ^  has  been 
implemented  at  NWC  for  this  purpose.  It  uses 
water  as  the  shock  attenuator  and  has  no  steel 
confinement  tube  surrounding  the  specimen. 
Relatively  long  duration  shocks  (comparable  to 
PMMA  attenuation)  in  the  pressure  range  of 
0.6  •  8.0  QPa  can  be  produced.  Teste  can  be 
performed  over  the  temperature  range  of  10  • 
80*C  on  specimens  typically  0.03  -  0.1  kg,  and 
the  specimens  may  be  undamaged,  predam¬ 
aged  or  damaged  in-situ.  Shock  sensitivity 
tests  are  run  as  a  function  of  extent  of  damage 
and  time  from  damage. 

AQUARIUM  GAP  TEST 

Figure  8  shows  the  instrumented  glass 
Aquarium  Qap  Test  as  developed  at  NWC.  The 
acceptor  test  sample  is  supported  on  a  steel 
witness  plate  a  variable  distance  from  the  donor 
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Figure  8.  NWC  Aquarium  Qap  Test  Apparatus 


charge  (two  standard  Pentolite  LSQT  pellets). 
The  aquarium  is  filled  with  water  while 
avoiding  air  bubble  accumulation  on  the 
surfaces.  Instrumentation  can  include  either  a 
streak  or  framing  camera  recording  of  the  flaoh 
bomb  or  flash  tube  illuminated  arrangement 
as  shown.  Both  front  and  back  illuminaUon 
has  been  used.  A  simplified  "bucket*  test 
arrangement  is  also  used  where  only  witnesl 
plate  damage  is  used  in  evaluation  of  the 
acceptor  response.  A  positive  test  for  detona¬ 
tion  includes  punching  of  the  witness  plate.  In 
both  of  the  above  teats,  the  meaiured  gap  is 
converted  to  input  pressure  in  the  material  at 
the  test  conditions. 

The  shock  sensitivity  of  a  number  of 
undamaged  and  damaged  energetic  materials 
was  determined  using  one  of  the  above  test 
apparatus.  Figure  9  shows  typical  results.  The 
abscissa  is  percent  void  volume  at  time  of 
shock  test  as  determined  using  the  dllatometer 
or  hydrootatie  compression  results  on  an  iden¬ 
tical  sample,  while  the  ordinate  gives  ratio  of 
critical  initiation  pressures  necessary  to  cause 
shock  to  detonation  transition  (SDT)  in  the 
damaged  and  undamaged  materials  (Pdam^ 
Pundam)*  The  plot  shows  that  at  1  percent  void 
volume  the  pressure  required  to  detonate  the 
damaged  energetic  material  is  approximately 
60  percent  of  the  pressure  required  to  initiate 
the  undamaged  counterpart;  or,  that  the 
damaged  material  is  twice  as  sensitive. 
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Figure  9.  Normalised  Critical  Initiation 
Pressure  as  a  Function  of  Void  Volume 
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CONCLUSIONS 

This  reiearch  has  shown  that  damage, 
and  voidi  that  it  createa,  causes  a  very 
pronounced  decrease  in  the  criticai  shock 
initiation  pressure  of  energetic  materials.  In 
the  interest  of  minimising  the  hasards  of  these 
materials,  the  void  content  must  obviously  be 
kept  to  a  minimum.  Voids  Introduced  during 
manufacturing  or  aging  are  being  studied.  In 
energetic  imaterial  processing,  for  example,  the 
combined  techniques  of  vacuum  easting  and 
pressure  cure  results  in  extremely  low  initial 
void  content.  The  development  of  damage- 
resistant  energetic  material  formulations  holds 
the  promise  for  materials  which  will  withstand 
high  rate  deformation  with  minimum  void 
formation. 

Techniques  to  produce  and  characterise 
damage  in  energetic  materials  for  shock 
studies  have  been  developed.  The  extent  and 
rate  at  which  damage  can  bo  Introduced  can  be 
varied  so  as  to  simulate  slow  rate  aging  up  to 
high  rate  impact  conditions. 
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Thli  pasar  praaanta  tha  raaulta  of  axparlmantal  atuEiaa  eonduota^  In  Ihv  n.aaaroh 
Dapartmant,  Naval  Waapona  Cantor,  China  Laka,  Cililorhla.  Spaolflo  toploa  diaouaaad  Inoluda 
(1)  a  daaerlptlon  of  daformatlon  Induoad  Intarnal  damaga  In  anafgatlo  matarlala.  (2)  taohniquaa 
uaad  In  our  laboratory  to  produoa  damaga,  (3)  mathoda  davalopdd  to  eharaotarfia  that  damaga 
and  (4)  ahook  aanaltivlty  Inoraaaaa  with  Inoraaaing  damaga  lavala.  EIgnifleant  Inoraaaaa  In 
ahook  aanaltivlty  wara  maaaurad  aa  a  function  of  damaga.  Tha  nrltleal  Iniilitlon  praaiura  of 
akbloalvaa  and  propallanta  can  ba  raduoad  by  50%  with  only  1%  void  volume  oraatad  by  tha 
deformation  of  tna  anargatto  material. 


'New  with  ihe  Ailinlle  ReMireli  Corporallon,  Qilneivllle,  Virginia. 


DAMAGE  PRODUCED  BY 
DEFORMATION 


•  DAMAGE  IS  HIGHLY  MATERIAL  DEPENDENT 

•  LOW  SOLIDS  LOADING  MINIMIZES  DAMAGE 

•  SMALL  PARTICLE  SIZES  SIGNIFICANT 

•  TOUGH  POLYMER  NETWORK  REQUIRED 

•  DAMAGE  IS  DEFORMATION  RATE  AND  TIME  DEPENDENT 

•  HIGH  RATES  GENERATE  HIGH  DAMAGE  LEVELS 

•  BUT  VOID  COLLAPSE  MORE  PRONOUNCED 

•  VOID  VOLUME  COLLAPSE  AFTER  UNLOADING  IS  FAST 

•  90%  OF  VOID  VOLUME  COLLAPSES  IN  60  SECONDS 
R  PERMANENT  DAMAGE  ALWAYS  REMAINS 
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UNCLAS8IPIB0 


DAMAGE  TYPES  RESULTING 
FROM  DEFORMATION 


CL08BD  CELL 
POROSITY 


PERMANENT  DAMAGE 
AFTER  DEFORMATION 


GAS  GUN  DAMAGE  PRODUCTION 
TECHNIQUE  FOR  FOLLOW-ON 
AQUARIUM  GAP  TESTING 


UP  TO  4  AQUARIUM 
TEST  SAMPLES 

VARIABLE  CONFINEMENT 
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DAMAGE  PRODUCED  BY  LOW  AND 
HIGH  RATE  TENSILE  DEFORMATION 


IN8TRON  TEST  EQUIPMENT  RATES  PROM  0.01  TO  3  METERS  PER  SECOND 


SDT  TEST  SPECIMEN 


AREA  GLUED 


STRETCHED  PROPELLANT 


METAL  END  PIECE 
SQUARE  TUBINQ 
1.37"  X  1.37"  I.D. 


VOID  VOLUME  PROFILE  DURING 
AND  AFTER  DEFORMATION 


FAILURE 


* 


DAMAGE  IN  PROPELUNTS 
AND  EXPLOSIVES 


•  INDUCED  BY: 

•  MECHANICAL  DEFORMATION:  LOW  TO  HIGH  RATES 

•  LONG  TERM  AGING 

•  POOR  PROCESSING  OR  CASTING  CONDITIONS 

•  THERMALLY  INDUCED  GASSING:  COOKOFF  CONDITIONS 
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UNIAXIAL  TENSILE 
DILATOMETER 


WATER JACKIT 
8PECIMKN 


I  WITHON  CROMHIAdT 

w^siiniglllf 

pRkbliibHiMB 
kiPiAkiM 


8M%  refill  pILAtOMiSTER 


TORSIONAL  SHEAR 
MERCURY  DILATOMETER 
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MECHANICAL  PROPERTIES  OF 
A  SOLID  PROPELLANT 


HYDROSTATIC 
COMPRESSION  CHAMBER 


HYDROSTATIC  COMPRESSION 
PROPERTIES  OF  ENERGETIC  MATERIALS 


VOID  VOLUMI, 
^V/VqX  190, 
VOLUMI 
PERCENT 


HYDROSTATIC  PRESSURE  (PSI) 


NWC  AQUARIUM  GAP 
TEST  APPARATUS 


BUCKET  TEST  VARIATION 


NORMALIZED  CRITICAL  INITIATION 
PRESSURE  AS  A  FUNCTION  OF 
VOID  VOLUME 


SDT  TESTS  AT  20-30  MINUTES  AFTER  DAMAGE  INDUCED 


NORMALIZED 

INITIATION 

PRESSURE 

RATIO 

^  DAMAGED 

'’undamaged 


VOID  VOLUME  AT  TIME  OF  SDT  TEST  (VOL%) 
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CONCLUSIONS 


•  DAMAGE  CAUSES  A  SENSITIVITY  INCREASE  IN  ENERGETIC  MATERIALS 

t  CRITICAL  INITIATION  PRESSURE  DECREASES  TO  60% 

OF  UNDAMAGED  AT  ONLY  1%  VOIDS 
•  TIME  BETWEEN  DAMAGE  PRODUCTION  AND  SENSITIVITY  TESTING 
IS  SIGNIFICANT 

•  MORE  SENSITIVE  AT  SHORT  TIMES 

•  TECHNIQUES  DEVELOPED  TO  PRODUCE  WELL  CHARACTERIZED  DAMAGE 
AND  TO  EVALUATE  SHOCK  SENSITIVITY  CHANGE 

•  HAZARD  REDUCTION  REQUIRES  DAMAGE  RESISTANT  ENERGETIC 
MATERIALS  WITH  VERY  LOW  INITIAL  VOID  VOLUMES 
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BURNING  RATES  OF  TWO  CAST  NITRAMINB  EXPLOSIVES 
USING  A  HYBRID  CLOSED  BOMB-STRAND  BURNER 


W.  C.  Tao,  M.  8.  Costantinoi  and  D.  L.  Ornallaa 
Lawrence  Livermore  National  Laboratory 
Livermore,  California  94550 


The  burn  rate  of  two  HMX-bated  cant  exploeiuei,  RX-08-EL  and  RX- 
36‘AP,  ie  measured  to  preteuret  above  650  MPa  using  a  hybrid  closed 
bomb-strand  burner.  The  hybrid  design  allows  the  simultaneous 
measurement  of  pressure  and  regression  rate  in  each  experiment  over  a 
large  range  of  preseures.  RX -08-EL  le  a  high  performance  extrusion 
cast  explosive  with  low  sensitivity,  and  RXSS-AP  is  a  cast-cured  explo¬ 
sive  with  a  mono-modal  HMX particle  sise  distribution.  Up  to  650  MPa, 
both  explosives  exhibit  a  planar  burning  mechanism  with  the  regres¬ 
sion  rate  obeying  the  claseical  aP^  formalism.  Upon  cycling  to  400  MPa, 
unloading,  and  repressurising,  the  RX-OO-EL  explosive  exhibited  a 
significant  increase  (an  order  ofmagtUtude)  in  its  burn  rate. 


INTRODUCTION 

The  ability  to  predict  the  combuation 
behavior  and  burning  rate  of  onergotlo 
materiale  is  of  prime  Importenee  to  many  disci¬ 
plines,*'^  These  range  fVom  the  design  of  rocket 
motors  and  gun  barrels,  to  hasards  assessment 
of  deflagratlon-to-detonation  processes  in  pro¬ 
pellants  and  explosives.  For  high  performance 
rocket  motors  which  require  high  thrust,  short¬ 
burning  solid-propellant  grains,  the  burning 
rate  has  pronounced  effects  on  the  flame 
propagation,  chamber  pressurization  processes, 
and  the  maximum  motor  pressure.*  Sudden 
perturbation  in  the  combustion  rate  due  to 
cross-flow  and  pressure  transients  may  cause 
signlAcant  degradation  in  the  performance  of 
the  motor.  Similarly,  in  the  interior  ballistic 
cycle  of  guns,  a  change  of  the  burning  phenom¬ 
ena  from  the  design  criteria  adversely  affects 
the  range  and  accuracy  of  the  projectile  deliv¬ 
ery.'^  Perhaps  most  important  are  the  potential 
hazards  involved  in  the  use  of  detonable  pro¬ 
pellants  under  condltione  where  a  deflagration- 
to-detonatlon  transition  may  occur.  An  abrupt 
increase  in  pressure,  fVom  a  shift  of  the  burning 
rate,  can  trigger  this  transition.^*'* 

The  burning  mechanism  of  a  condensed 
energetic  material  involves  many  chemical 


and  physical  processes  involving  a  change  of 
phase  and  energy  and  mass  transfer.  Heat 
transfer  from  the  flame  zone  to  the  material 
surface  causes  the  propellant  or  explosive  to 
pyrolyse,  and  the  pyrolysed  gases  to  react  close 
to  the  surface.  The  burning  rate  depends  on  a 
number  of  factors,  such  as  the  combustion 
pressure,  initial  temperature  of  the  material, 
chemical  composition  of  the  fuel  and  oxidizer, 
particle  size,  presence  of  energetic  or  inert 
binders,  and  the  morphology  of  the  composite 
mixture.  Since  most  applications  involve 
burning  at  the  relatively  low  pressures  of 
rocket  motors  (10  MPa),  or  the  somewhat 
higher  pressures  found  in  guns  (400  MPa), 
efforts  to  understand  the  conversion  of  a 
condensed  propellant  or  explosive  to  gaseous 
products  have  been  limited  to  these  pressure 
ranges.  Additionally,  even  at  low  pressures, 
the  basic  physics  and  chemistry  of  burning 
energetic  material  are  not  well  established, 
requiring  empirical  burning  rate  laws. 

These  empirical  formalisms  usually 
describe  a  mass  regression  rate,  dm/dt, 

dm/dt  =  pAr,  (1) 

where  p  is  the  density  of  the  condensed  phase, 
A  the  surface  area  that  is  burning,  and  r  the 
surface  regression  rale.  Bach  term  in  this  basic 
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equation  is  approximated  in  data  reduction 
calculations.  The  density  either  is  taken  as  a 
constant,  equal  to  the  density  at  0.1  MPa 
(atmospheric  preosure),  or  is  calculated  at  high 
pressures  using  a  scalar,  pressure  independent 
bulk  modulus.  Neither  of  these  assumptions  is 
correct,  causing  errors  of  as  much  as  1 0  percent 
in  the  mass  generation  rate  at  pressures 
greater  than  400  MPa.  Guesses  about  the 
surface  area  that  happens  to  be  burning  at  a 
particular  instant  are  equally  tenuous.  In  slow 
burning  propellants,  assumption  of  a  regular, 
macroscopic  burning  surface  probably 
introduces  little  error  (in  the  absence  of  cracks 
and  substantial  connected  porosity),  while 
many  of  the  commonly  observed  "slope  breaks" 
in  closed  bomb  burning  data  almost  certainly 
are  related  to  a  change  in  the  amount  of 
surface  area  exposed  to  the  flame.^  The  final 
term  of  Equation  (1),  the  intrinsic  burning 
rate,  has  some  basis  in  theory,  but  generally  is 
found  experimentally  to  be 

r  =  ao  +  ai  P" ,  (2) 

over  speciiled  pressure  ranges.  The  parameter 
ao  usually  is  taken  as  zero,  and  other  pararn* 
eters  are  found  by  plotting  strand  burner  or 
closed  bomb  data. 

The  change  in  the  combustion  surface 
area  can  be  due  to  several  mechanisms.  For 
porous  explosives,  the  transition  from  con* 
ductivo  to  convective  burning  is  due  to  the 
penetration  of  the  hot  gases  into  the  pores 
ahead  of  the  flame  front.  Fifer  and  Cole^  have 
investigated  the  burning  rate  of  II MX  as  a 
function  of  density,  particle  size,  and  con¬ 
finement  up  to  360  MPa.  They  propose,  for 
laterally  conAned  low  density  charges,  that  a 
subsonic  pressure  wave  crushes  and 
deconsolidates  the  sample  ahead  of  the  flame. 
For  unconflned  charges,  they  observed  a 
"progressive  deconsolidation"  mechanism  In 
which  the  enhanced  burning  surface  does 
not  exist  in  the  interior  of  the  charge,  but 
rather  primarily  in  the  two  phase  (gas- 
particle)  zone  extending  a  considerabie 
distance  from  the  sampie.  The  extended  flame 
zone  is  not  related  to  gas  phase  chemistry, 
but  rather  is  determined  by  the  particie 
burnout  distance,  which  in  turn  is  dependent 
on  the  particie  size  and  the  intrinsic  burning 
rate. 


A  third  mechanism  that  changes  the 
amount  of  burning  surface  is  the  shear  fracture 
of  the  nitramine  particles,  creating  a  new 
particle  distribution.  This  occurs  if  the  details 
of  the  macroscopic  applied  stress,  the  as- 
formulated  particle  size  distribution,  and  the 
amount  and  nature  of  the  binder  result  in 
shear  stresses  at  particle-particle  contacts 
greater  than  the  failure  strength  of  the  nitra¬ 
mine.  The  applied  stress  may  result  from  a 
penetrating  bullet  or  fragment,  collision  of  a 
propellant  grain  with  another  grain  or  the 
breech  wall  in  a  gun,  or  a  stress  wave  propa¬ 
gating  ahead  of  the  burning  front.  Costantino 
and  Tao"  investigated  the  change  in  particle 
size  distribution  of  a  nonconsolidated  bed  of 
HMX  subjected  to  hydrostatic  compression  to 
600  MPa.  For  a  well-characterized  160-200  pm 
distribution  of  Class  C  HMX,  analysis  with 
scanning  electron  micrograph  and  Coulter 
counter  after  pressure  unloading  shows  a 
substantial  shift  to  smaller  particle  sizes  and 
multi-modal  distribution,  Figures  1  and  2 
illustrate  the  SBM  results  for  the  HMX  par¬ 
ticles  before  and  after  hydrostatic  compression, 
respectively. 

The  motivation  for  this  work  stems  from 
two  sources.  First,  we  are  interested  in  learn¬ 
ing  about  the  physics  and  chemistry  of  burning 
at  high  pressures  (>500  MPa).  Currently,  we 
require  something  better  in  the  computer 
models  for  hot  spot  ignition  and  growth  in 
condektsed  explosives  (such  as  those  developed 
by  Tarver  et  al.^)  than  the  extrapolation  of 
mass  rogrossion  laws  found  at  pressures  an 
order  of  magnitude  lower  than  the  application 
pressure.  Their  model,  shown  in  Equation  (3), 
incorporates  a  similar  aP"  mass  regression 
factor  in  the  ignition  and  growth  terms.  In 
practice,  the  quantities  a  and  n  are  held 
constant  at  values  found  experimentally  at  low 
pressures,  or  are  used  as  fitting  parameters. 

dF/dt  =  l|(l-F)“(p/po-l)‘l  +  Gil(l-F)'K‘’  P^l 
+  G2((l-F)«Ffp*)  (3) 

F  -  fraction  reacted 

1  -  fraction  ignited  as  a  F  (shock  strength) 
P  -  pressure 

Q]  -  early  growth  rate  constant 
Q2 '  late  growth  rate  constant 
p- density 
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Figure  1,  Scanning  Electron  Micrograph  of  the 
Partiele-Siee  Dietribution  of  Claet  C  HMX 
Prior  to  Hydroetatic  Compreteion 


Second,  we  want  to  develop  teats  and 
diagnostics  that  can  readily  screen  energetic 
materials  for  hazcrds  and  vulnerability 
associated  with  a  sudden  transition  to  higher 
regression  rates.  This  requires  an  under¬ 
standing  of  how  "bench”  formulations  change 
when  subjected  to  diflerent  levels  of  stress,  and 
how  that  aiTects  the  combustion  behavior. 

The  approach  we  have  selected  uses  a 
hybrid  closed  bomb-strand  burner,  with 
diagnostics  that  provide  estimates  of  the 
average  burning  rate  over  a  pressure  interval. 
This  hybrid  design  allows  the  simulU  neous 
measurements  of  regression  rate  and  pressure, 
thereby  generating  information  over  a  large 
pressure  range  in  one  experiment.  We  selected 
two  non-porous  HMX  formulations,  RX-08-KL 
and  RX-35-AP,  and  measured  their  burning 
rates  to  660  MPa.  Both  foimu^  ions  have  a 
similar  HMX  loading  in  a  relatively  compliant 
binder  matrix.  Of  specific  interest  is  the 
burning  behavior  of  these  explosives  under 
diflerent  pressure  loading  and  unloading 
conditions.  Previous  in vostigation  ’  ^  of  a  br i  tile 


Figure  2,  Change  in  Particle-SUe  Dietribution 
after  500  MPa  Hydroetatic  Compreeeion  ae 
Reoealed  by  SEM 


pressed  formulation  with  a  similar  particle  size 
loading  and  distribution  (LX-14)  yielded  a 
burning  behavior  with  several  regions  of 
uniformly  increasing  pressure,  each  with  a 
higher  slope  than  the  previous  one,  with  a 
sudden  transition  to  even  higher  pressures  at 
the  end  of  the  burn.  It  was  found  that  large- 
scale  breakup  of  the  LX-14  strand  contributed 
to  a  fast  burning  and  premature  ignition  along 
the  sides  of  the  strand. 

EXPERIMENTAL  APPROACH 

Material  PreparatiOK 

The  RX-08-EL  is  an  extrusion  cast 
explosive  consisting  of  72.93  wt%  LX-04  grade 
HMX  with  a  mean  particle-size  distribution  of 
60  pm,  25.16  wt%  FBFO,  an  energetic  plasti¬ 
cizer,  1.04  wt%  PCL  240,  0.58  wt%  PVF  5/96, 
and  0.30  wt%  Desmodur  N-IOO  binder.  The 
formulated  material,  with  consistency  like 
putty,  is  loaded  into  a  deaerator  mixer-loader 
to  eliminate  entrapped  air  and  solvent.  The 
loader  portion  is  equipped  with  an  extrusion 
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flange  that  can  adapt  to  a  variety  of  loading 
configurations.  After  deaeration,  the  formula¬ 
tion  is  extruded  under  vacuum  into  a  break- 
apart  mold,  yielding  cylindrical  strands  6  mm 
in  diameter  and  4  cm  in  length  at  100  percent 
TMD(1.804g/cc)." 

The  RX-36- AP  is  a  cast  cured  formulation 
consisting  of  60  wt%  HMX  and  40  wt4t  NQ/ 
TA/PBQ  binder-plastici'/er,  The  particle  sixe  of 
the  HMX  is  a  mono-modal  screen-ert  between 
160-176  pm,  The  formulated  material  is 
deaerated  and  cast  into  the  break  apart  mold 
under  vacuum.  Upon  curing,  we  obtain  a 
rubbery  strand  with  an  approximately  circular 
cross-section  at  100  percent  TMD, 

Hybrid  Closed  Bomb-Strand  Burner 

Since  we  are  after  the  mass  regression 
rate,  dnVdt  in  Equation  (1),  and  we  measure 
the  regression  rate  r,  the  experimental  design 
should  minimise  uncertainties  in  A  and  p.  The 
ideal  sample  and  diagnostic  configuration 
permits  a  continuous  measurement  of  a  burn¬ 
ing  surface  with  a  well-deilned  area.  At  these 
burning  rates,  high  speed  photography  of  a 
cylindrical  strand  seems  the  best  choice.  Mea¬ 
surements  by  Boggs,  et  al.,*^  Using  a  window 
bomb  chow  that  burning  rates  deduced  from 
the  closed  bomb  calculations,  based  on 
"infinitely  fast"  kinetics,  are  wrong,  interpreta¬ 
tion  of  the  results  from  high  speed  photography 
of  burning  stronds  of  porous  materials, 
demonstrates  that  workers  must  take  care  to 
distinguish  between  the  surface  regression  rate 
of  a  material  and  the  intrinsic  burning  rate  of 
its  components.  Experiments  by  Boggs,  et  al.,^ 
on  pressed  HMX  strands  did  not  show  the 
"simple  deconsolidation"  seen  in  similar  work 
by  Fifer  and  Cole.^  While  optical  pressure 
ceils  that  can  sustain  1-2  QPa  are  possible  to 
build,  one  with  an  optical  access  to  a  strand  4 
to  6  cm  long  presents  a  unique  design  problem. 

At  high  pressures,  both  the  closed  bomb 
and  strand  burner  methods  of  measuring  the 
regression  rate  have  significant  disadvan¬ 
tages.  The  strand  burner  provides  a  direct 
measurement  of  the  regression  rate,  within 
assumptions  about  the  burning  surface  to 
volume  relation  and  the  value  of  the  sample 
density  at  pressure,  but  must  be  carried  out 
isobarically.  This  means  that  in  a  typical 


experiment,  you  get  only  one  data  point  on  the 
P  vs  r  curve  and  that  the  buffering  volume 
used  to  minimize  the  pressure  rise  owing  to  the 
product  gases  must  be  very  large.  For  extreme 
pressures,  both  the  cost  and  the  hazard  of  such 
a  large  volume  are  prohibitive. 

The  closed  bomb  method  is  used  widely  as 
a  quantitative  diagnostic  and,  within  fairly 
serious  assumptions,  to  calculate  burning  rate 
law  coefficients.  The  method  is  attractive 
because  the  pressure  vessel  is  small,  and  a 
large  pressure  range  is  available  during  a 
single  experiment  by  actuating  the  starting 
pressure  and  the  loading  density.  However, 
there  are  no  direct  measurements  of  the 
surface  regression  rate,  which  must  be  cal¬ 
culated  using  assumptions  about  the  shape  of 
the  burning  surface  and  the  thermochemistry. 

Our  approach  is  to  make  a  hybrid  strand 
burner-closed  bomb  experiment,  in  which  a 
strand  burns  isochorically  in  a  relatively  small 
volume,  causing  an  increase  in  pressure  owing 
to  the  product  gases,  with  the  surface  regres¬ 
sion  measured  directly  using  strand-burner- 
type  probes.  Since  the  probes  are  located  at 
discrete  intervals  along  the  strand,  and  the 
burning  rate  varies  with  the  pressure  as  the 
flame  moves  between  the  probes,  only  an 
average  burning  rate  between  two  probes  can 
be  calculated.  Although  there  are  techniques 
to  make  continuous  measurements  of  the  flame 
front,  they  either  are  unsuitable  for  extreme 
pressures  (microwave  and  optical)  or  are  too 
costly  for  production  work  (collapsing  coils, 
potontiomctric). 

Figure  3  is  an  illustration  of  the 
apparatus,  described  in  detail  in  Reference  10. 
In  this  work,  we  use  a  pressure  vessel  with  a 
3.05  cm  diameter  bore  with  18  electrical  feed¬ 
throughs  m  one  sealing  plug.  A  photograph  of 
the  sample  assembly  is  in  Figure  4.  The 
surface  of  the  sample  is  inhibited  with  a  thin 
layer  of  60  percent  Kpon  828/40  percent 
Ancamide  350A  epoxy.  The  electrical  feed 
through  across  the  pressure  seal  is  effected 
with  a  stainless  3teel  ball-stem  arrangement 
manufactured  by  numerical-controlled 
machining.  Electrical  insulation  between  the 
ball  and  the  pressure  vessel  is  accomplished 
with  76  pm  of  mylar  and  76  pm  of  kapton. 
Thirteen  of  the  leads  are  used  for  twelve  signal 
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Figure  3,  Experimental  Apparatue  Coneieting 
of  Load  Frame,  3>06  cm  Diameter  Bore  Preeeur^i 
Vessel,  and  Ullage  Measuring  Setup 

probes  and  one  common  return  line.  Another 
two  leads  are  used  to  carry  an  ignition  current 
across  a  nichrome  heater  of  about  8  amps  at  7.6 
volts.  All  of  the  loads  are  terminated  inside 
the  vessel  in  a  male  plug  that  permits  easy 
installation  of  the  shot  assembly. 

The  pressure  generation  system,  shown 
in  Figure  6,  is  a  portable  design  using  a  chem- 
ica]ly>clean  diaphragm  pump  and  a  1.2  QPa 
intensifier  combination.  The  vessel  is 
pressurized  slowly  with  argon  to  the  desired 
starting  pressure  and  "frozen  argon"  valves  are 
closed  by  immersing  a  length  of  high  pressure 
tubing  into  liquid  nitrogen.  These  valves  are 
leaU  free  and  are  reliable  to  the  bursting  pres¬ 
sure  of  the  tubing.  We  measure  the  pressure 
using  a  1.3  MN  load  cell  on  top  of  the  upper 
plug.  At  these  burning  rates  (0.1-1. 6  m/s),  the 
pressure  vessel-load  frame  is  in  mechanical 
equilibrium. 


Figure  4,  Sample  Assembly  Exhibiting  Copper 
Fuse  Wires  Embedded  into  an  Epoxy  Coated 
Strand  of  Explosive 

EXPERIMENTAL  RESULTS 

Data  for  each  shot  consist  of  a  pressure- 
time  curve  and  the  times  at  which  the  signal 
wires  reported,  correlated  by  a  common 
trigger.  We  show  in  Figure  6  these  data  for  a 
typical  shot.  Wires  frequently  would  break 
during  the  initial  pressurization  or  during  the 
pressure  rise  on  burning.  Since  the  diameter  of 
a  wire  is  about  half  the  diameter  of  the  mean 
size  of  the  largest  particle  fraction,  we  believe 
the  breakage  is  a  result  of  the  relative  motion 
of  the  nitramine  particles  as  they  move  in  the 
plastic  binder.  Nevertheless,  there  were 
adequate  distance-time  data  in  each  shot  not 
only  to  calculate  burning  rates,  but  to  detect 
significant  excursions  from  uniform  burning 
down  the  length  of  the  sample. 
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Pressure  (yPa} 


0-30  ksi 


Figure  5.  Portable  1 .2  QPa  Preeaure  Generation  Syatem.  Note  the  Use  of  Frozen  Argon"  Valvea. 


Figure  6.  Synchronization  Between  Preeaure  and  Time  of  Switch  Reporting  for  a  Typical  Shot 


1315 


PreMure>titne  ourvea  for  three  RX-08>BL 
and  one  RX-36-AP  ahot  flred  at  a  atarting  prea- 
aure  of  200  MPa  are  ahown  in  Figure  7,  We 
eonaidor  tiie  curvoa  for  ahot  #86  and  #86  to  be 
"normal,”  baaed  on  the  preaent  data  for  RX-08- 
EL  and  previoua  work  with  RX-08-FO,  another 
extruaion-caat  exploaivo.^^  Shot  #88  ahowa  an 
abnormal  preaaure-time  curve  which  can  reault 
ft-om  an  increaae  in  the  macroacopic  area,  A  in 
Equation  (1),  that  ia  burning.  Thia  may  happen 
when  the  inhibitor  faila  and  the  aidea  of  the  aam- 
ple  ahead  of  the  planar  burning  fVont  ignite,  or 
when  the  aample  breaka  into  large  piecea. 
However,  the  wire  reporting  data  for  thia  ahot 
indicated  that  the  burning  front  moved  uni¬ 
formly  along  the  length  of  the  aample,  and  that 
the  increaae  in  preaaure  owed  to  an  increaae  in 
the  Burface  regreaaion  rate  (r  in  Equation  (1)). 

Preaaure-time  curvea  for  four  RX-08-EL 
and  one  RX-36-AP  ahot  fired  at  a  400  MPa 


atarting  preaaure  are  ahown  in  Figure  8. 
Samplea  for  ahot  #87  were  cycled  once  totween 
400  MPa  and  0.1  MPa  before  firing  at  400  MPa. 
The  preaaure-time  tracea  and  burning  apeeda 
are  aignificantly  different  than  for  ahota  #89 
and  #90,  which  were  preaaurized  to  400  MPa 
and  fired.  After  cycling,  the  aample  aurface 
had  a  bliaterod  texture,  with  aome  areaa 
ahowing  "extruded"  globulea  of  exploaive. 
Otherwiae,  the  sample  remained  intact,  with¬ 
out  significant  change  in  shape,  flracturing,  or 
deconsolidation.  For  both  RX-08'EL  and  RX- 
36-AP,  all  of  the  pressure  vs.  time  curves  are 
quite  smooth,  indicative  of  a  clasaicai  pianar 
burning  mechaniam,  with  no  deconsolidation 
or  irregular  ignition  of  macroscopic  surfaces. 

We  fitted  the  entire  P-t  curve  with  a 
fourth  order  polynomial  and  used  the  fitted 
form  to  calculate  dP/dt  and  to  find  the 
preaaures  at  the  times  the  switches  reported. 
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Figure  7.  Preaaure-Time  Curuea  for  RX‘08  EL  and  RX-3S-AP  Fired  at  200  MPa  Starting  Pressure 
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Figure  8,  Pressure-Time  Curves  for  RX-08-EL  and RX-35-AP  Fired  at  400  MPa  Starting  Pressure 


We  then  find  the  average  surface  regression 
rate  between  two  switches  using 

r  =  (Xn  -  Xn_i)/(tn -  tn-l)  f 

where  Xn  is  the  distance  of  the  nth  switch 
from  the  ignition  surface  and  tn  is  the  time  the 
nth  switch  reported,  at  the  average  pressure 
(P(tn)  +  P(tn-i))/2,  Note  that  we  do  not  correct 
for  the  change  in  density  owing  to  the  hydro¬ 
static  compression.  This  introduces  an  error  of 
about  6  percent  in  the  calculated  speeds.*'^' 

DISCUSSION 

Over  the  past  several  years  there  have 
been  attempts  to  measure  burning  rates  of 
HMX  and  fast  burning  propellants.  Fifer  and 
Cole  concluded  that  HMX  strands  of  both  small 
(<44  micron)  and  large  (300  micron)  particles 
having  densities  from  60  percent  to  99  percent 
TMD  do  not  burn  with  a  uniform,  planar  name. 


Instead,  they  propose  a  "deconsolidation” 
mechanism,  in  which  hot  gases  flow  through 
the  porosity  ahead  of  the  apparent  flame  front, 
loosening,  heating,  and  igniting  the  HMX  par¬ 
ticles.  These  particles  then  become  entrained 
in  the  flame  and  continue  to  burn.  This  means 
that  the  assumption  of  a  uniform,  plane  flame, 
which  separates  the  condensed  and  product 
phases,  required  in  the  strand  burner  does  not 
hold,  and  the  method  can  be  used  to  measure 
only  a  surface  regression  rate  and  not  the 
intrinsic  burning  rate.  On  the  other  hand, 
Boggs  et  al.,  using  HMX  compacts  pressed  to 
99  percent  TMD,  showed  a  smooth  burn,  with 
no  transition  to  a  very  fast  burning  rate. 

Intrinsic  and  Surface  Regression  Rates 

According  to  Equation  (1),  the  rate  at 
which  the  condensed  energetic  phase  is  con¬ 
verted  to  gaseous  products  is  a  function  of  the 
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density  of  the  condensed  phase,  the  area  of 
burning  surface,  and  the  surface  regression 
rate.  Although  the  density  is  important  if  the 
accuracy  in  dnt/dt  is  to  be  better  than  6  or 
10  percent,  we  will  ignore  its  variation  with 
pressure  in  our  discussion.  The  more  difficult 
issue  in  interpretation  of  closed  bomb,  strand, 
or  hybrid  experiments  is  knowing  what  surface 
is  burning.  The  simple  assumption,  that  the 
thickness  of  the  sone  containing  both  unre¬ 
acted  condensed  phase  and  products  is  small 
compared  to  the  spatial  resolution  of  the 
diagnostic  used  to  detect  the  motion  of  the 
burning  front,  does  not  apply  in  most  cases.  An 
additional  complication  arises  when,  in  experi¬ 
ments  such  as  ours,  the  condensed  phase  is  a 
mixture  of  nltramine  component  having  a 
particular  particle  sise  distribution  and  a 
binder,  in  these  situations,  the  product  mass 
generation  rate,  dm/dt,  requires  not  only  a 
measurement  of  the  surface  regression  rate,  r, 
but  also  a  knowledge  of  the  particle  morphol¬ 
ogy,  size,  and  intrinsic  burning  rate. 

For  multi-component  explosives,  it  is  easy 
to  see  that  the  surface  regression  rate  depends 
in  detail  on  the  connectivity  and  intrinsic 
burning  rates  of  the  components.  For  example, 
the  surface  regression  rale  of  a  formulation 
with  a  low  loading  density  of  nitramlne  in  a 
binder  having  a  low  Intrinsic  burning  rate  will 
be  close  to  the  intrinsic  burning  rate  of  the 
binder.  On  the  other  hand,  that  for  a  formula¬ 
tion  having  a  loading  density  of  nltramine 
high  enough  so  that  the  nltramine  purticle 
network  is  connected  will  have  a  surface 
regression  rate  nearer  to  the  intrinsic  nitra- 
mine  rate,  as  the  flame  is  propagated  from 
particle  to  particle.  Similarly,  the  component 
with  the  slower  burning  rate  will  continue  to 
burn  aftor  the  flame  front  passes.  Our  work  in 
the  cast  and  extrusion  cast  explosives  is 
designed  first  to  permit  correct  Interpretation 
of  surface  regression  rate  measurements,  then 
to  use  these  data  to  predict  the  mass  genera¬ 
tion  rate  for  proposed  formulations. 

The  formulations  used  in  this  work  differ 
in  two  important  respects.  The  RX-08-E1..  uses 
a  bi-modal  IIMX  purticle  size  distribution 
designed  to  provide  high  nitramlne  packing 
densities  and  an  energetic  binder  that  is 
both  compliant  and  tough.  The  KX-35-AP 


formulation  has  a  monomodal  HMX  distri¬ 
bution,  resulting  in  a  somewhat  lower  packing 
density,  and  a  binder  that  contains  inert 
material  (PEQ).  While  we  can  estimate  the 
intrinsic  burning  rate  of  the  HMX  using  the 
data  of  Boggs,  et  al.,*  we  do  not  know  the 
burning  rates  of  the  two  binders.  Following 
the  arguments  above,  we  might  expect  that  the 
RX-08-BL  would  burn  close  to  the  rate  of 
HMX,  while  the  -AP  formulation  would  burn 
faster  or  slower,  depending  on  the  intrinsic 
burning  rate  of  the  binder. 

At  elevated  pressures,  Iho  response  of  the 
unburned  explosive  to  the  pressure  may  become 
Important,  owing  to  fracture  of  the  HMX  grains 
embedded  in  the  compliant  binder.  As  the 
pressure  increases,  the  volume  of  the  highly 
compressible  binder  decreases,  permitting  the 
relatively  stiff  nitramlne  particles  to  contact 
each  other.  At  some  point,  the  nitramlne  net¬ 
work  carries  a  significant  fraction  of  the  applied 
load,  and  the  particle-particle  stresses  are  in 
excess  of  the  failure  surface,  resulting  in  shear 
fVacture.  Thus,  the  original  particle  size  distri¬ 
bution  changes  to  one  having  a  larger  surface 
to  volume  ratio.  We  might  expect,  therefore,  to 
see  an  increase  in  the  surface  regression  speed 
in  this  pressure  region.  This  effect  can  be 
enhanced  by  using  a  monomodal  distribution, 
so  that  there  is  a  minimum  number  of  particle- 
particle  contacts,  as  in  the  -AP  formulation, 
and  can  be  mitigated  by  using  a  multi-modal 
particle  size  distribution  designed  to  fill  the 
interstices,  such  as  in  the  -EL  formulation. 
Application  of  a  non-monotonic  external  stress, 
us  might  occur  in  a  shock-rarefaction  or  a 
subsonic  "ringing,"  in  which  the  condensed 
mixture  is  loaded  and  unloaded  also  changes 
the  as-formulated  purticle  size  distribution  and 
their  relative  orientation.  In  the  latter  case, 
porosity  may  bo  introduced  as  the  particles 
separate  from  the  binder  as  they  translate  and 
rotate  in  response  to  the  applied  stress. 

Surface  Regression  Rates  for  RX-08-KL 
and  RX-35-AP 

Comparison  of  the  pressure-time  and  wire 
reporting-lime  curves,  indicates  that  there  is 
no  signifleunt  entrainment  of  still-burning 
condensed  phase  in  the  region  behind  the 
flame  front.  Flxlrapolution  of  the  switch 
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numbor  lime  data  in  Figure  6,  for  example,  to 
0  and  to  12  (the  top  and  bottom  of  the  sample, 
respectively)  intersects  the  time  axis  at  the 
point  of  first  pressure  rise  and  constant  pres¬ 
sure  at  the  end  of  the  burn.  Additionally,  the 
slopes  of  the  pressure-time  curves  are  almost 
constant  at  the  end  of  the  burn.  This  means 
that  the  slope  of  the  switch-time  curve  is  an 
"intrinsic"  regression  rate  for  the  nitramine- 
binder  mixture.  Further,  as  seen  in  Figures  9 
and  10,  the  burning  rate  •  pressure  data  can  be 
fitted  adequately  with  a  power  law  of  the  form 
r  =  aP".  Table  1  presents  a  summary  of  the 
fitting  constants  for  RX-08-BL  and  RX-36-AP 
over  the  range  200  to  600  MPa. 
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Figure  9.  Burning  Hate  of  RX-08-EL  Uo  to 
650  MPa.  An  increase  in  burning  rate  is 
observed  for  pressure  cycled  samples. 


Figure  10.  Burning  Rate  of  RX-35-AP  Up  to 
650  MPa 


Table  I.  Summary  of  Fitting  Constants  for 
RX-08-EL  and  RX-35-AP 


Cast  Formulations 

a 

n 

RX-08-EL  (normal) 

3.13(10®) 

0.91 

RX-08-EL  (cycled) 

1.47(10®) 

2.36 

RX-36-AP 

1.10(10*) 

0.61 

The  burning  rate  above  200  MPa  for  the 
RX-35-AP  is  significantly  higher  than  for  the 
-BL.  In  view  of  the  arguments  above,  we  might 
conclude  that  the  intrinsic  burning  rate  of  the 
binder  for  -AP  is  greater  than  for  the  binder  in 
the  -EL,  since  the  surface-to- volume  ratio  of  the 
particle  size  distribution  in  the  -EL  is  higher 
than  that  for  the  -AP  and  the  area  term  in 
Equation  ( 1 )  dominates.  However,  we  made  one 
shot  for  the  -AP  at  a  confining  pressure  of  only 
6  MPa.  The  measured  burning  rate  at  6  MPa  is 
substantially  leas  than  that  found  by  extrapo¬ 
lation  of  the  power  law  fitted  to  the  -AP*s  r  vs. 
P  data  for  P  >  200  MPa.  Thus,  the  possibility 
exists  that  the  as-formulated  particle  size 
distribution  of  the  -AP  has  changed  signif¬ 
icantly  upon  the  application  of  pressure. 
Results  of  scanning  electron  microscope  parti¬ 
cle  size  characterization  of  these  formulations 
before  and  after  pressurization  will  be  given  in 
a  subsequent  publication. 

Tbe  Effect  of  Pressure  Cycling 

All  scenarios  in  which  propellants  or 
explosives  are  damaged  prior  to  ignition 
involve  stress  loadings  and  unloadings.  Some¬ 
times  the  effect  of  the  stress  path  results  in 
"sensitization"  of  the  material.  The  regression 
rate  data  for  the  RX-08-EL  explosive  cycled  to 
400  -  0.1  -  400  MPa  and  then  ignited  (shown  in 
Figure  9),  show  that  increases  in  the  mass 
regression  rate  of  as  much  as  an  order  of  mag¬ 
nitude  can  occur.  Although  we  can  suggest 
several  mechanisms,  such  as  (1)  particle  frac¬ 
ture  and  subsequent  translation  and  rotation, 
resulting  in  decoding  and  creating  porosity; 
(2)  "thixotropic"  separation  of  the  binder  and 
nitramine,  causing  the  significantly  greater 
fracture  damage  to  the  nitramine  during  the 
next  loading  cycle;  and  (3)  microscopic  damage 
to  the  nitramine  crystals  that  increase  its 


1319 


intrinsic  burning  rate,  etc.,  that  might  be 
responsible  for  this  effect;  we  do  not  have 
adequate  data  to  support  a  particular  guess. 

SUMMARY 

We  have  measured  the  surface  regression 
rates  of  two  highly  compliant  explosives  usiftg 
a  hybrid  closed  bomb-strand  burner  apparatus 
to  pressure  greater  than  600  MPa.  The  data 
indicate  that  the  surface  regression  rate  can  be 
directly  related  to  the  intrinsic  burning  rate  of 
the  nitramine-binder  mixture.  The  burning 
rates  obey  an  aP*'  law  over  the  pressure  range, 
using  a  single  set  of  pr.rameters.  Cycling  the 
explosive  to  400  MPa  once  before  pressurising 
to  400  MPa  and  igniting  results  in  an  increase 
in  burning  rates  by  as  much  as  an  order  of 
magnitude. 

This  work  is  a  continuation  of  an  on-going 
program  to  study  the  form  of  the  mass 
regression  law  of  energ!!t<c  materials  at  high 
pressures.  We  believe  that  this  is  necosaary 
not  only  to  provide  empirical  data  for  the  func¬ 
tional  form  and  the  ,}arameters  for  >  he  mass 
regression  for  use  in  exploolve  performance 
codes,  but  also  to  understand  the  effect  of  the 
stress  history  in  vulnerability  and  Haxards 
scenarios.  Finally,  we  can  easily  imagine 
using  the  intrinsic  mechanical  prope**ties  of 
the  components  of  the  explosive,  such  as  their 
failure  strength,  cornpreesibility,  etc.,  to  tailor 
the  mixture  so  that  it  has  different  properties 
under  different  stress  fields.  For  example,  ueing 
a  large,  monomodal  particle  size  distribution 
for  the  nitramine  in  the  as-formulated  explo¬ 
sive,  may  result  in  a  slow-burning,  relatively 
safe  explosive  under  normal  stresses  encoun¬ 
tered  in  storage  and  handling.  However,  after 
exposure  to  a  stress  adequate  to  fracture  the 
particles,  it  may  have  a  desirably  high  burning 
rate  in  the  application  environment. 

We  have  demonstrated  the  use  of  a  hybrid 
strand  burner-closed  bomb  apparatus  to  mea¬ 
sure  the  surface  regression  rate  of  energetic 
materials  to  0.6  QPa.  We  expect  that  peak 
pressures  in  excess  of  2  QPa  are  possible.  The 
method  combines  the  relative  simplicity  of  the 
strand  burner  in  obtaining  regression  rates, 
with  the  very  high  pressure  capability  of 
the  closed  bomb.  Our  intent  is  to  measure 


regression  rates  at  pressure  well  beyond  those 
found  in  gun  and  rocket  propellant  atudias. 
These  empirical  relations  are  required  to  deal 
with  the  problem  found  in  deflagration  to 
detonation  transition,  ignition  and  growth  of 
reaction  owing  to  particle  impact,  and 
abnormal  burning  In  the  interior  ballistic 
cycle. 
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The  effect  of  confinement  hoe  been  examined  on  the  uiolenee  of  defla- 
grative  events  in  a  range  of  ordnance  from  105  mm  shells  to  1,000  lb 
(454  kg)  General  Purpose  (OP)  bombs,  Experiments  have  shown  that 
the  secondary  expbsives  used  as  the  main  filling  in  these  munitions 
burn  without  explosion  or  transiting  to  detonation  if  the  deflagration  is 
started  at  a  large  enough  free  air  surface.  However,  explosions  and 
detonations  have  been  produced  when  initiatory  explosives,  interme¬ 
diate  explosives  used  as  boosters,  and  certain  age-deteriorated  charges 
have  been  included  in  the  burning  process.  Other  experiments  have 
demonstrated  that  the  detonation  of  sheet  explosive  donors  on  the 
outside  of  shells  reliably  produces  deflagrations  in  the  explosive 
fillings.  Similar  donor  charges  applied  to  OP  bombs  sometimes 
produce  deflagrations,  but  can  also  cause  detonations.  Weakening  the 
bomb  ctue  with  an  explosive  cutting  charge  before  firing  the  donor  can 
prevent  the  transition  to  detonation.  The  reproducibility  of  the 
dsflagrative  events  and  their  low  damage  signatures  suggests  that 
these  techniques  may  have  a  role  in  the  demilitarisation  of  ordnance. 


INTRODUCTION 

An  RARDE  paper  presented  at  the 
Seventh  Detonation  Symposium*  described 
studies  on  the  explosiveness  of  explosives 
commonly  used  as  munition  fillings.  The 
paper  proposed  that  the  hazard  associated 
with  a  munition  involved  in  an  accident  should 
be  assessed  both  on  the  likelihood  of  initiation 
occurring  (the  sensitiveness  of  the  explosive) 
and  on  the  nature  or  violence  of  any  event 
initiated  (the  explosiveness  of  the  system). 
RARDE  investigations  into  many  different 
types  of  accidents  involving  munitions  have 
demonstrated  that  most  events  not  directly 
attributable  to  fuse  failure  have  been  caused 
by  ignition  of  the  main  secondary  high 
explosive  filling.  The  violence  of  the  event 
that  ensued  has  been  a  function  of  the  explo¬ 
siveness  of  that  system,  which  has  been  itself 
dependent  on  the  deflagrative  properties  of  the 
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the  explosive  and  the  level  of  confinement  it 
has  experienced. 

A  further  RARDE  paper  presented  at  the 
Eighth  Detonation  Symposium^  described  how 
an  initial  deflagration  in  one  munition  could 
Induce  similar  or  more  violent  events  in 
adjacent  explosive  filled  stores.  The  possible 
extremes  of  consequence  were  failure  to  propa¬ 
gate  or  transfer  of  the  deflagrative  event  to 
mass  detonation. 

The  first  paper  based  its  conclusions  on 
both  small  and  large  scaled  model  charges 
containing  approximately  360  g  and  10  kg, 
respoctively.  The  second  paper  concentrated 
on  deflagrations  in  artillery  projectiles  con¬ 
taining  a  maximum  of  11.5  kg  of  explosive. 
Thin  paper  describes  experiments  on  a  wider 
range  of  munitions  up  to  and  including 
1,000  lb  (454  kg)  General  Purpose  (QP)  bombs. 
Deflagrative  events  have  been  purposely 
induced  in  the  munitions  by  direct  thermal 


13?;2 


means  and,  additionally,  by  explosively 
generated  shocks. 

INDUCED  DEFLAGRATIONS  BY 
DIRECT  THERMAL  MEANS 

Bxpertmente  on  Shell  and  Small  Rocket 
Warheade 

An  experiment  has  been  described  pre¬ 
viously^  which  used  156  mm  shelis  fllled  with 
1 1 .6  kg  of  CW3.  an  analog  of  RDX/TNT  60/40. 
These  shells  were  arranged  in  a  row  with  their 
Aiies  and  booster  pellets  removed.  A  small 
thermite  charge  was  then  introduced  at  the 
base  of  each  fuse  cavity  and  this  was  ignited 
remotely.  All  five  shells  experimented  upon 
burned  out  completely,  taking  between  a  half 
to  one  hour,  The  deflagration  of  the  explosive 
was  non-disruptlve,  but  did  produce  vigorous 
reactions  with  flames  Jetting  from  the  shell 
noses  for  up  to  a  meter.  All  the  explosive  was 
consumed  leaving  the  shell  bodies  intact. 

Subsequent  experiments  involving  many 
106  mm,  4.6  inch,  and  166  mm  shells  filled 
with  RDX/TNT  or  close  analogs,  have  all 
shown  identical  characteristics.  Provided  the 
initial  Ignition  site  Is  at  a  fl'ee  air  surface,  the 
subsequent  deflagration  remains  as  a  rela¬ 
tively  steady,  non-disruptlve  burning. 

Other  experiments  have  been  conducted 
with  M107  166  mm  shells  filled  with  TNT. 
Again,  the  fuse  and  booster  pellets  had  been 
removed  and  an  electrically  initiated  thermite 
igniter  was  introduced  into  the  fUse  cavity.  An 
initial  burning  reaction  attributed  to  the 
thermite  was  quickly  choked  by  black  clouds  of 
combustion  products.  Subsequent  examina¬ 
tion  showed  that  little  of  the  TNT  had  been 
consumed.  It  seemed  that  the  50  mm  apertures 
at  the  nose  of  these  156  mm  shells  is  insufll- 
cient  to  allow  combustion  to  continue. 

A  further  experiment  was  conducted  on  a 
TNT-HIled  rocket  warhead.  After  some  dis¬ 
assembly,  this  had  a  free  air  surface  at  one  end, 
210  mm  in  diameter.  When  a  thermite  charge 
was  ignited  at  this  point,  the  TNT  charge 
burnt  out  completely. 

Other  experiments  were  conducted  on  the 
remains  of  30  M107  156  mm  TNT  filled  shells 
which  had  been  broken  open  by  a  shock-induced 


deflagration  technique  (qv).  These  still  con¬ 
tained  between  20  and  60  percent  of  the  filling. 
All  burnt  out  completely  without  causing  an 
explosion, 

Finally,  700  8  inch  M106  shells  that  had 
been  similarly  opened  up  by  a  shock-induced 
deflagration,  were  burnt  out  completely  with¬ 
out  causing  explosions. 

Experiments  with  Liurge  Rocket  Warheads 

The  experiments  described  in  the  pre¬ 
vious  section  concerned  explosive  charges  in 
the  range  2.5  kg  to  20  kg,  generally  associated 
with  steel  confinement,  but  all  ignited  at  a  free 
air  surface  of  the  explosive.  A  farther  series  of 
experiments  has  been  conducted  against 
130  kg  charges  of  fiber-reinforced  RDX/TNT 
60/40  inside  a  light  aluminum  alloy  casing  a 
few  millimeters  thick.  Initially  the  charges 
were  totally  confined,  but  without  fusing  or 
booster  pellets.  A  circumferential  charge  of  a 
lead  sheathed  linear  cutting  charge.  Charge 
Linear  Cutting  (CLC),  was  positioned  57  mm 
from  one  end  of  the  cylindrical  charge.  The 
CLC  was  stood  away  from  the  warhead  by 
placing  a  60  mm  wide  strip  of  6,35  mm  thick 
expanded  polythene  foam  around  the  warhead 
between  the  CLC  and  the  warhead  case.  This 
was  designed  to  prevent  shock  initiation  of  the 
explosive  filling, 

When  the  cutting  charge  was  detonated, 
the  entire  end  plate  of  the  warhead  was  severed. 
The  action  of  the  cutting  Jet  also  Ignited  the 
explosive  and  projected  the  end  plate  for 
several  tens  of  meters.  The  130  kg  warheads 
then  burnt  vigorously  without  explosion.  After 
30  minutes,  the  reaction  had  consumed  all  the 
explosive  and,  in  some  cases,  part  of  the 
aluminum  alloy  casing.  The  experiment  was 
conducted  more  than  300  times  without 
producing  either  an  initial  detonation  on 
severing  the  end  plate,  or  an  explosion  or 
detonation  when  the  explosive  burnt. 

Experiments  with  General  Purpose  Bombs 

One  thousand  pound  QP  bombs  in  UK 
service  contain  up  to  186  kg  of  either  RDX/ 
TNT/Aluminum  or  RDX/Wax/Aluminum. 
Access  to  the  main  explosive  content  of  the 
bomb  cannot  be  obtained  through  the  fuse 
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pockets.  In  consequence,  a  technique  had  to  be 
devised  to  remove  the  base  plato  explosively. 
Once  the  main  filling  was  exposed,  then  a 
small  electrically  Ignited  thermite  incendiary 
charge  was  intr^uced  into  the  cavity  left  by 
the  expelled  exploder  tube. 

The  burning  process  was  very  vigorous 
and  lasted  between  30  and  40  minutes,  Initial 
experiments  were  conducted  on  16  bombs  illled 
with  Torpex  4A  (RDX/TNT/AI,  20/66/26  with 
3  percent  Parailin  Wax  and  2.6  percent  Carbon 
Black)  and  16  bombs  filled  with  ROX/Wax/AI, 
(71/9/20),  On  no  occasion  did  an  explosion  or 
detonation  occur,  although  on  one  occasion  a 
bomb  filled  with  Torpex  burnt  slowly  for  five 
minutes  then  took  ofTlike  a  rocket.  It  travelled 
100  meters  by  which  time  all  the  HE  had  been 
consumed  leaving  the  bomb  case  intact.  The 
other  reactions  have,  however,  been  so 
vigorous  that  sufYlelent  heat  has  sometimes 
been  generated  to  melt  and  consume  part  of  the 
steel  of  the  bomb  case.  Similar  experiments 
have  now  been  conducted  on  a  further  36 
bombs  with  similar  results. 

SHOCK-INDUCED 

DEFLAGRATIONS 

The  Technique  for  Shells 

An  alternative  moans  of  promoting  an 
explosive  deflagration  inside  a  metal  confined 
store  has  been  examined  using  externally 
applied  explosive  donor  charges.  These  have 
usually  been  made  from  Sheet  Explosive  (SX2), 
a  high  energy  plastic  explosive  containing 
88  percent  KDX  and  12  percent  binder.  The 
explosive  is  manufactured  in  tightly  toleranced 
sheets,  usually  3.2  mm  thick.  Composite  donor 
charges  have  been  made  by  cutting  discs  or 
squares  out  of  the  sheet  explosive  and  assem¬ 
bling  these  on  top  of  one  another  until  the  re¬ 
quired  thickness  is  obtained  (Figure  1). 

In  each  experiment,  the  disc  or  square  of 
explosive  was  placed  in  intimate  contact  with 
the  metal  case  of  the  explosive  filled  store  at  a 
specified  distance  from  some  notable  feature, 
e  g.,  the  base.  The  explosive  donor  charge  was 
detonated  and  the  extent  of  the  break-up  of  the 
store  being  attacked  was  noted.  The  diameter, 
thickness,  and  position  of  the  explosive  donor 
was  varied  until  a  level  of  explosive  deflagration 


Figure  1.  Experimental  Arrangement  to  Shock- 
Induce  Deflagrationt  in  Shells 


Figure  2,  Fragmented  Ml 00  8  Inch  Shells  from 
Shock-Induced  Deflagrations 

occurred  which  shattered  the  store  into  a  few 
major  firagments  (Figure  2).  The  damage  done 
to  the  environment  was  slight;  the  explosive 
deflagrations  produced  only  a  few  fragments 
which  travelled  tens,  rather  than  hundreds,  of 
meters.  The  explosive  deflagrations  did  not 
produce  a  loud  explosion,  nor  did  they  produce 
craters.  In  every  case  unreacted  explosive 
remained  after  the  deflagrative  reaction.  Aiter 
the  initial  variation  of  the  donor  charge  had 
served  to  identify  a  satisfactory  combination  of 
charge  diameter,  thickness,  and  position,  the 
experiment  was  repealed  until  available 
explosive  flllod  stores  of  that  caliber  had  been 
exhausted.  It  was  often  possible  to  perform 
multiple  attacks  once  confidence  had  been 
established  in  the  technique.  On  numerous 
occasions  shock-induced  deflagration  experi¬ 
ments  were  performed  on  up  to  30  M106  8  inch 
shells  at  a  time.  On  those  occasions,  the  shells 
were  aligned  nose  to  tail  in  two  staggered  rows 
of  16.  This  configuration  was  chosen  to  mini¬ 
mize  the  chance  of  a  single  round  detonating 
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the  entire  assembly  of  charges.  Multiple  initi¬ 
ations  v^ere  arranged  by  coupling  each  indivi¬ 
dual  donor/shell  assembly  with  detonating 
cord.  Bach  detonating  cord  termination  used  a 
booster  assembly  which  comprised  a  detonator 
sised  aluminum  tube  into  which  increments  of 
RDX  had  been  pressed,  A  low  density  incre¬ 
ment  was  used  fur  pick-up  from  the  detonating 
cord,  while  two  high  density  increments 
provided  the  output.  Using  these  detonating 
cord  boosters  prevented  a  proliferation  of 
initiators,  and  yet  provided  a  discrete  means  of 
centrally  initiating  tho  sheet  explosive  donors. 

Results  of  Shook*lnduced  Deflagrations 
Against  M106  8  Inch  Shell  FUled  TNT 

The  results  of  a  typical  series  of  firings 
against  a  previously  untested  caliber  of 
projectile,  the  M106  8  inch  shell,  are  shown  in 


Table  1.  Initially,  the  diameter  of  the  donor 
charge  was  held  constant  and  the  thickness  of 
the  charge  was  increased.  These  shots  were 
performed  sequentially  on  the  same  store. 
When  this  did  not  produce  a  deflagration,  then 
the  diameter  of  the  charge  was  increased,  After 
several  attempts,  an  overly  energetic  reaction 
ensued,  but  still  not  a  detonation.  These  ener¬ 
getic  deflagrations  consumed  nearly  all  of  the 
explosive  filling,  but  projected  large  flragments 
of  the  easing  a  long  way.  By  Firing  9  on  shell 
number  4,  a  combination  ofdiameter,  thickness, 
and  charge  position  had  been  found  which 
produced  an  ideal  level  of  disruption,  This 
'ideal*  is  a  subjective  level  of  response  based 
upon  generating  sufficient  free  surface  area  of 
the  explosive  to  allow  a  subsequent  sustained 
deflagration,  but  without  breaking  up  the  shell 
body  and  scattering  the  explosive  excossively. 


7*06/0  / .  Experimental  Firings  with  Sheet  Explosive  Donors  to  Induce  Deflagrations  in  MI 06  8  Inch 
Shell  Filled  TNT 


Donor  Charge  Details 

Firing 

Number 

Shell 

Number 

Diameter 

(mm) 

Thickness 

(mm) 

Distance  from 
Charge  Center  to 
Base  of  Shell 
(mm) 

Result 

1 

1 

63.6 

304.8 

No  result 

2 

1 

63.6 

304.8 

No  result 

3 

1 

63.6 

12.7 

304.8 

No  result 

4 

1 

63.6 

19.0 

304.8 

No  result 

6 

1 

95.2 

9.6 

406.4 

Doflugration  with 
excessive  break  up 

6 

2 

96.2 

9.6 

406.4 

Deflagration  with 
excessive  break  up 

7 

3 

95.2 

3.2 

356.6 

No  result 

8 

3 

95.2 

9.6 

366.6 

Deflagration, 
excessive  break  up 

9 

4 

82.6 

9.5 

356.6 

Deflagration,  ideal 
break  up 

10-63 

6-47 

82.6 

9.6 

356.6 

Deflagration,  ideal 
break  up 

64  66 

48-60 

76.2* 

9.6 

366.6 

Deflagration,  ideal 
break  up 

57 

61 

82.6 

12,7 

356.6 

Detonation 

^Square  donor  used. 
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Firings  10  to  53  used  the  preferred  donor 
and  produced  acceptable  levels  of  reaction. 
Firings  54  to  66  switched  to  a  square  donor 
with  sides  76.2  mm  by  76,2  mm  and  9.6  mm 
thick.  This  was  done  principally  to  eliminate 
the  need  for  special  cutters  in  the  Held,  but  it 
also  conserved  explosive.  Very  similar  results 
were  obtained  to  those  with  the  disc  charges. 
Finally,  Firing  67  was  conducted  to  establish 
the  charge  size  to  cause  detonation. 

In  subsequent  days,  a  total  of  700  M106 
8  inch  shells  were  disposed  of  using  the  shock- 
induced  deflagration  technique.  There  were 
five  occasions  when  shells  did  not  produce  sig¬ 
nificant  reactions  on  first  apnlication.  These 
all  produced  adequate  disruptive  deflagrations 
on  the  second  shot  using  an  identical  donor 
charge. 

Once  a  batch  of  shells  had  been  opened  up 
using  this  technique,  the  carcasses  were 
collected  and  loosely  assembled  into  a  heap 
containing  20  to  30  projectiles.  These  were  then 
doused  with  kerosene  and  ignited  remotely  (qv 
earlier).  It  must  be  stressed  that  all  such  final 
clearances  were  conducted  against  unfused 
projectiles  without  boosters.  The  presence  of 
even  one  initiator  or  booster  element  could 
cause  mass  detonation  of  the  whole  stack. 

Results  of  Shock-Induced  Deflagrations 
Against  Other  Projectiles 

The  success  of  the  shock-induced  defla¬ 
gration  technique  against  Ml 06  8  inch  shell 
filled  TNT  prompted  further  experimentation 
against  other  projectiles.  Four  calibers  of 
artillery  shells,  one  naval  shell,  and  two 
calibers  of  tank  ammunition  were  available. 

Each  caliber  was  attacked  with  a  sheet 
explosive  donor.  The  position  of  the  donor 
relative  to  the  base  of  the  projectile  is  shown  in 
Figure  3. 

The  results  against  all  calibers  are  shown 
in  Table  2. 

Shock-Induced  Deflagrations  Produced  in 
General  Purpose  Bombs 

The  previously  described  experiments 
demonstrated  that  satisfactory  disruptive 
deflagrations  could  be  caused  in  most  calibers 


of  shell  by  detonating  carefully  controlled 
donor  charges  on  the  surface  of  the  ordnance  to 
be  attacked.  There  was,  however,  a  mixed 
response  when  this  technique  was  applied  to 
1,000  lb  (454  kg)  OP  bombs.  Some  bombs 
deflagrated,  shattering  the  case  into  large 
fragments  and  leaving  large  quantities  of 
unreacted  explosive.  However,  some  appar¬ 
ently  detonated,  producing  craters  and  leaving 
no  residual  explosive.  Varying  the  donor  alone 
failed  to  achieve  a  level  of  shock  input  and 
subsequent  deflagration  that  resulted  in 
disruption  of  the  case  in  a  satisfactory  manner. 

A  variation  on  the  shock-induced  tech¬ 
nique  was  introduced  to  improve  the  chances  of 
inducing  deflagrations  only.  This  involved  the 
sequential  firing  of  two  explosive  charges.  The 
first  explosive  charge  was  used  to  cut  a  groove 
in  the  casing  of  the  bomb.  The  shape  of  a 
rectangle  was  used  in  one  method  and  a  circle 
in  another,  A  second  charge  was  then  placed 
within  the  perimeter  of  this  weakened  panel  as 
a  donor,  When  this  was  detonated,  a  deflagra¬ 
tion  was  induced  in  the  main  explosive  filling 
which  generally  vented  by  blowing  out  the  pre¬ 
weakened  section  of  the  casing.  Once  access  to 
the  explosive  filling  had  been  obtained  using 
this  method,  it  could  be  burnt  out  as  described 
in  an  earlier  paragraph. 

Description  of  the  Explosive  Charges  to 
Produce  the  Weakened  Panels 

The  section  of  the  bomb  case  was  weak¬ 
ened  by  cutting  a  groove  in  the  steel  case  in  the 
shape  of  a  rectangle  609  mrn  by  330  mm  in  one 
case  or  a  circle  330  mm  in  diameter  in  the 
other.  The  groove  was  produced  by  detonat¬ 
ing  a  length  of  boosted  80  g/meter  CLC,  shaped 
into  the  required  configuration.  Effectively, 
the  first  method  used  two  meters  of  CLC  and 
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Table  2.  Sizes  and  Positions  of  Donor  Charges  to  Cause  Shock-IndueedDeflagration  in  Shells 


c 

s; 

3 

1 

! 

1 

Detonation 

All  deflagrations,  ideal 
break-up 

All  deflagrations,  ideal 
break-up 

Deflagrations,  ideal  Iweak- 
up,  90  percent  HE  consumed 

Deflagrations  giving  sli^tly 
more  reaction  than  required 

Deflagrations,  ideal  break¬ 
up,  90  percent  HE  consumed 

Deflagrations,  ideal  break-up 

Detonation 

Dent,  no  reaction 

Detonation 

Dent,  no  reaction 

Deflagratimis,  ideal  lareak-up 

Detonation 

Dent,  no  reaction 

Detonation 

Deflagration 

Donor  Portion 

DMH 

152.4 

152.4 

254 

228.6 

228.6 

228.6 

228.6 

558.8 

381 

381 

463.5 

463.5 

381 

381 

381 

381 

U 

n 

A 

A 

A 

A 

A 

A 

B 

A 

B 

A 

C 

C 

B 

B 

B 

B 

Donor  Size  (mm) 

Thickness 

6.35 

3.175 

6.35 

6.35 

6.35 

6.35 

6.35 

6.35 

6.35 

9.52 

6.35 

9.52 

9.52 

6.35 

9.52 

9.52 

Diameter 

44.45 

44.45 

50.8 

57.15 

57.15 

50.8 

50.8 

63.5 

57.15 

82.55 

76.20 

76.20 

'?6.20 

76.20 

63.50 

63.50 

Shell  Wall 
Thickness 
(mm) 

6 

6 

7.5 

11.5 

11.5 

11.5 

9 

25.5 

25.5 

17.5 

17.5 

25.5 

25.5 

25.5 

25.5 

HE 

Filling 

RDX/WAX 

RDX/WAX 

RDX/WAX 

RDXrTNTlA 

RDX/TNTIA 

RDX/TNTIA 

CW3 

RDX/TNT 

RDX/TNT 

RDX/TNT 

RDX/TNT 

RDX/TNT 

RDX/TNT 

RDX/TNT 

RDX/TNT 

RDX/TNT 

•i 

E 

H 

76  mm 

76  mm 

150  mm 

105  mm 

105  mm 

105  mm 

155  mm 

175  mm 

6* 

Previous 

6" 

PrcAdous 

6" 

6" 

6" 

Previous 

6" 

6" 

Firing 

No. 

1 

2-30 

31-72 

73 

74-76 

77-80 

81-88 

89 

90 

91 

92 

93 

94 

95 

96 

97-100 
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the  second,  one  meter.  In  each  case,  the 
cutting  performance  of  the  CLC  was  boosted  by 
overlaying  it  with  two  3.2  mm  layers  of  sheet 
explosive.  A  layer  of  6.3  mm  expanded 
polythene  foam  was  positioned  between  the 
cutting  charge  and  the  bomb  case  to  reduce  the 
transmission  of  shock  into  the  bomb.  Each 
charge  was  initiated  by  a  single  powerful 
detonator  at  the  one  point  on  its  circumference. 

The  Explosive  Donor  Charge  to  Produce 
Deflagration 

A  disc  of  sheet  explosive  (SX2)  9.5  mm 
thick  and  117  mm  in  diameter  was  used  to 
produce  a  deflagration  in  the  filling  of  the 
bomb.  In  the  case  of  the  rectangular  panel,  the 
donor  disc  was  placed  Inside  the  circumscribed 
area  adjacent  to  one  of  the  rear  corners,  with 
its  center  89  mm  ft-om  the  two  perpendi''ular 
grooves.  With  the  circular  weakened  panel, 
the  donor  disc  was  placed  with  its  center 
89  mm  from  the  circular  groove.  The  SX2 
donor  charges  were  centrally  initiated  using 
standard  demolition  detonators. 

Types  of  General  Purpose  Bomb  Used  in 
These  Experiments 

Three  types  of  OP  bombs  were  used  in 
these  experiments.  Their  principal  charac¬ 
teristics  are  shown  in  Table  3. 

Results  of  Firings 

The  SX2  boosted  80  g/meter  CLC  charges 
cut  a  groove  into  the  bomb  cases  which  varied 
in  depth  between  9.5  mm  and  12.7  mm. 
The  CHBlng  was  intentionally  never  totally 


penetrated.  There  were  no  explosive  events 
generated  in  the  bombs  by  this  stage  of  the 
experiment. 

The  results  of  detonating  the  donor 
charges  against  the  weakened  panels  and  the 
subsequent  disposals  are  shown  in  Table  4. 

DISCUSSION 

Experiments  on  Shell  and  Small  Rocket 
Warheads 

Previous  studies*  have  shown  that  the 
violence  of  an  event  in  a  conilned  explosive 
store  is  dependent  on  both  the  innate  defla- 
grative  properties  of  the  explosive  composition 
and  on  the  level  of  confinement  that  it 
experiences.  The  studies  also  showed  that  the 
deflagrativn  properties  of  the  explosive  com¬ 
positions  commonly  used  as  munition  fillings 
are  far  more  influenced  by  their  physical  than 
their  chemical  characteristics.  Frangible  explo  ' 
sives,  such  as  RDX/TNT  and  TNT,  deflagrate 


Table  3.  Characteriatica  of 1 ,000  lb  OP  Bomba 


Case 

Material 

HE  Filling 

Weight  of 
HE  (kg) 

Forged 

TORPEX  4AorB 

186 

steel 

RDX/TNT/Aluminum 

20/55/25 

Cast  steel 

TORPEX  4A  or  B 

RDX/TNT/Aluminum 

20/66/26 

186 

Forged 

RDX/Wax/Aluminum 

185 

steel 

71/9/20 

Table  4.  Experimental  Firinga  With  Sheet  Explosive  Donors  to  Induce  Deflagrations  in  1,000  lb 
(454  Kg)  GP  Bomba 


Typo  of  OP 
Bomb 

2  in  or  1  m 
Weakened  Panel 

Panel  Separated/ 
Filling  Burnt  Out 
Non-Ulsruptively 

Disruptive  Event/ 
Subsequent 
Ignition 

Detonation 

MK  11 
(Torpox  4A) 

2  m 

10 

0 

0 

MK  13 

(RDX/Wax/Al) 

2  m 

0 

1 

0 

MK  12 
(Torpox  4 A) 

1  m 

1? 

3 

2 

more  violently  than  some  plastic  bonded  and 
waxed  explosives,  even  though  the  detonative 
performance  of  the  latter  Is  greater,  RDXy 
TNT  60/40  exhibits  high  levels  of  explosive¬ 
ness  in  the  RARDB  Burning  Tube  test.^ 
Nearly  all  the  explosive  is  consumed  in  a 
violent  deflagration  that  shatters  the  metal 
confining  tube  into  20  or  more  fragments. 
Velocities  of  the  order  of  1,400  meters/second 
have  been  measured  in  RDX/TNT  charges  over 
a  600  mm  run.  Further,  it  has  been  observed 
that  a  confined  charge  of  RDX/TNT  heated 
over  a  miniature  fuel  fire  produces  a  more 
violent  event  generally  than  a  deflagration 
induced  in  the  material  at  ambient.* 

The  experiments  described  earlier  with 
165  mm  shells  ignited  at  the  base  of  an  empty 
fuse  cavity  showed  no  violent  events.  Each 
shell  burned  from  the  point  of  ignition  near  its 
nose  until  the  whole  11.6  kg  charge  had  been 
consumed.  Examination  of  the  shell  cases 
after  the  event  showed  that  they  had  been 
subjected  to  intense  heat.  The  external  paint 
had  been  blistered  and  burnt  away.  The 
burning  surface  of  the  explosive  may  have 
progressed  down  the  charge  completely 
linearly  or  perhaps,  more  likely,  in  a  manner 
dependent  on  internal  features  of  the  charge, 
such  as  cracks  or  other  weaknesses,  such  as  the 
metal/explosive  interface.  Whichever  way  it 
progressed,  it  would  seem  likely  that  a 
considerable  portion  of  the  unreacted  explosive 
would  have  boon  healed  in  the  30  minutes  or  so 
of  burning  time.  However,  this  precondi¬ 
tioning  did  not  seem  to  influence  the  burning 
rale  significantly.  The  explosive  burned  with 
vigor,  but  the  deflagration  rate  did  not 
suddenly  increase  or  decrease;  neither  did  it 
transit  from  deflagration  to  detonation.  This 
would  seem  to  be  further  evidence  for  an 
observation  made  previously,*  that  there  is  a 
lower  limit  to  cunilnemont  below  which  most 
secondary  explosives  or  propellants  will  not 
sustain  burning  processes  with  significant 
damage  potential. 

The  experiments  with  M107  165  mm 
shells  niled  with  TNT  Indicate  that  chemistry 
cannot  totally  be  disregarded  when  dealing 
with  deflagrations.  The  poor  oxygen  balance  of 
TNT  results  in  the  production  of  significant 
quantities  of  carbon  whett  it  burns,  it  would 


seem  that  TNT  chokes  itself  by  producing  an 
imbalance  between  solid  and  gaseous  products 
of  combustion  when  it  is  required  to  burn  with 
a  restricted  free  air  surface.  This  imbalance  is 
overcome  once  sulTicient  free  air  surface  has 
been  restored.  At  the  moment  it  is  only  pos¬ 
sible  to  speculate  that  the  minimum  diameter 
oriHce  to  sustain  a  steady  deflagration  lies 
between  60  and  210  mm. 

Experiments  With  Large  Rocket  Warheads 

The  130  kg  rocket  warheads  were  cylin¬ 
drical,  744  mm  long  and  400  mm  in  diameter. 
The  warheads  were  only  tightly  confined  by  a 
few  millimeters  of  aluminum  alloy.  However, 
they  were  filled  with  RDX/TNT  60/40  which 
had  glass  fiber  added  to  it  to  increase  its 
structural  strength.  This  efTectively  afforded 
the  warhead  considerable  self  confinement  for 
any  deflagration  induced.  Despite  this,  the 
events  produced  by  firing  the  circumferential 
cutting  charge  were  all  steady,  non-disruptive 
deflagrations.  The  use  of  the  linear  cutting 
charges  to  ignite  the  charge  as  well  as 
removing  the  confinement  is  an  elegant 
experimental  variation.  It  would  seem  that 
matching  the  cutting  capability  of  the  charge 
to  penetrate  the  case  with  very  little  residual 
overrun  produces  a  reproducible  means  of 
igniting  explosives  that  are  particularly  sensi¬ 
tive  to  impact.  In  more  recent  experiments,  it 
has  been  shown  that  more  modern  and  repro¬ 
ducible  cutting  charges,  such  as  Explosive 
Cutting  Tape,^  can  be  used  to  open  even  RDX/ 
TNT  filled  charges  without  inducing  ignitions. 

The  experiments  with  the  rocket  war¬ 
heads  again  show  that  reduced  confinement  and 
a  large  free  surface  area  can  keep  deflagratlve 
events  below  the  damaging  level.  Certainly,  if 
there  was  going  to  be  any  risk  of  producing 
transitions  from  steady  deflagrations  across  to 
explosive  deflagrations  or  detonations,  it  was 
much  more  likely  to  occur  with  RDX/TNT 
60/40  than  many  other  munition  fillings 
because  of  its  demonstrated  tendency  to 
exhibit  high  levels  of  explosiveness. 


'^Explosive  Cutting  Tape  is  manufactured 
by  Royal  Ordnance  and  North  American 
Explosives. 
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Experiments  With  General  Purpose  Bombs 

The  1,000  lb  GP  bombs  represent  almost 
an  extreme  case  of  charge  size  and  level  of 
confinement  that  is  likely  to  be  encountered 
when  dealing  with  accidental  events  in  muni¬ 
tions.  UK  1,000  lb  bombs  are  generally  filled 
with  a  variant  of  Torpex  4  (RDX/TNT/Al  20/ 
66/26)  or  with  RDX/Wax/Aluminum  (71/9/20). 
Prom  the  percentage  of  RDX  present,  it  might 
be  assumed  that  RDX/Wax/Al  would  produce 
more  violent  deflagrative  events  than  Torpex  4 
derivatives.  This  is  not  the  case,  as  RDX/Wax/ 
A1  exhibits  considerably  lower  levels  of  explo¬ 
siveness  than  Torpex  4.^  Once  again,  however, 
these  experiments  illustrate  that  differences 
in  explosiveness  levels  observed  in  totally  con¬ 
fined  systems  are  swamped  by  the  overriding 
efTects  of  low  confinement  when  a  significant 
free  air  surface  is  available.  Any  ignition  at 
that  free  air  surface  progresses  slowly  driven 
probably  more  by  the  temperature  generated 
by  the  exothermic  reaction  than  by  the  genera¬ 
tion  of  product  gases.  Those  product  gases  are 
free  to  vent  to  the  atmosphere  and  so  do  not  act 
to  pressurize  the  reaction  front.  Without  that 
pressurization,  there  is  no  driving  force  other 
than  temperature  for  the  reaction  rate  to 
Increase.  Thermal  losses  serve  to  keep  the 
reaction  at  a  near  steady  state.  The  one  bomb 
that  went  propulsive  presumably  did  so  through 
a  buildup  of  solid  Aluminum  Oxide  combustion 
product  providing  temporary  confinement. 

It  must  be  stressed  that,  except  for  the 
exceptions  dealt  with  later,  there  has  only  been 
that  one  occasion  in  our  experiments,  which 
now  run  into  thousands,  where  ignitions  at 
free  air  surfaces  have  lead  to  anything  other 
than  steady  state  deflagrations  and  on  no 
occasions  have  they  progressed  to  explosions  or 
detonations.  Nonetheless,  all  such  ignition/ 
deflagrations  are  performed  remotely  with 
observing  personnel  at  a  safe  distance.  The 
reasons  for  this,  other  than  common  prudence, 
are  illustrated  by  two  other  incidents. 

On  the  first  occasion,  considerable  loose 
residual  explosive  had  been  collected  after  a 
series  of  experiments  which  had  disrupted  bomb 
cases.  The  explosive  was  arranged  in  normal 
burning  ground  manner  so  that  it  formed  a 
continuous  layer  a  few  tens  of  millimeters 
thick.  By  mistake,  booster  elements  consisting 


of  large  tetryl  pellets  were  included  within  the 
pile  of  explosive  for  disposal.  The  site  was 
evacuated,  personnel  put  under  cover,  and  the 
explosive  was  ignited.  After  about  five  min¬ 
utes,  there  was  a  detonation.  Subsequent 
examination  of  the  site  showed  that  a  signifi¬ 
cant  proportion  of  the  explosive  had  detonated. 
This  may  be  because  the  tetryl  pellets  exceeded 
the  critical  length  necessary  to  produce 
detonations  when  they  are  heated.*’^  Once  the 
heavy  booster  elements  had  detonated,  then 
the  explosive  residue  followed. 

A  further  incident  Involved  140  kg  Minol 
charges  in  Depth  Charges.  These  were  approx¬ 
imately  40  years  old  at  the  time  of  disposal. 
Many  of  the  Minol  charges  burnt  away  in  the 
manner  of  the  rocket  warheads  described 
earlier.  However,  a  significant  proportion  gave 
explosive  deflagrations  or  detonations  after  a 
few  minutes.  Careful  inspection  before  igniting 
the  charges  had  made  sure  that  there  were  no 
booster  or  initiatory  elements  present.  It  is 
known  that  the  ammonium  nitrate  in  Minol 
can  evolve  ammonia  in  the  presence  of  moisture 
and  that  the  presence  of  aluminum  enhances 
that  evolution,  Ammonia  reacts  with  TNT  to 
give  substances  which  are  particularly  sensi¬ 
tive  to  heat.  It  is,  therefore,  suggested  that 
the  unexpected  explosive  deflagrations  and 
detonations  that  occurred  in  the  Minol  filled 
Depth  Charges  were  caused  by  the  formation  of 
unstable  compounds  of  ammonia  and  TNT 
formed  over  the  40  year  life  of  these  munitions. 

Shook-Induced  Deflagrations  on  Shells 

The  promotion  of  "low  order”  explosive 
events  using  an  explosive  donor  on  the  outside 
of  a  metal  confined  store  was  reported  at  the 
Fourth  Detonation  Symposium  by  Griffiths 
and  Broom. ^  Their  experiments  were  con¬ 
ducted  against  open  ended  cylinders  and, 
finally,  against  OP  bombs.  Griffiths  and 
Broom  attempted  to  explain  the  phenomena 
of  the  "low  order”  reactions  that  they  observed 
in  terms  of  the  reaction  zone  length  of  the 
compositions  tested.  However,  the  nature  of 
the  events  observed  in  our  experiments 
suggests  to  us  that  these  "low  order”  events  are 
deflagrations.  Further,  the  violence  of  these 
events  can  be  explained  in  terms  of  the 
explosiveness  of  the  systems  attacked. 
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The  formation  of  deflagrations  in  an  explo¬ 
sive  acceptor  purely  from  the  shock  from  an 
explosive  donor  has  been  described  by  Tasker.^ 
In  his  Low  Amplitude  Shock  Initiation  test,  the 
explosive  acceptor  is  unconllned,  but  separated 
from  the  donor  charge  by  a  HMMA  barrier, 
I'esker  has  shown  that  there  exists  a  definite 
zone  of  shock  pressure  inputs  that  result  in 
deflagrations  of  the  acceptor  charge. 

While  the  promotion  of  deflagration  in 
the  munitions  that  we  have  attacked  may  have 
been  caused  by  shock  alone,  there  is  another 
possibility.  OrliKIths  and  Broom^  noted  that 
detonations  of  high  energy  sheet  explosives  on 
metal  plates  backed  by  air  produced  both  plate 
deformation  and  a  spall  from  the  plate's  rear 
surface.  Examination  of  fragments  recovered 
after  our  experiments  has  also  shown  consider¬ 
able  deformation  of  the  case  material  and  occa¬ 
sionally  the  formation  of  a  spalled  zone  from 
the  interior  of  the  case.  Howe  et  al.^  has  shown 
that  incipient  ignitions  were  occurring  at  sites 
within  a  shell  filling  after  the  shell  had  been 
impacted  by  a  flying  plate.  Howe  proposed 
that  Ignitions  were  occurring  along  shear 
planes  in  the  relatively  mechanically  weak 
explosive  which  was  falling  in  response  to  the 
deformation  of  the  metal  case.  It  is,  therefore, 
suggested  that  mechanical  deformation  of  the 
filling  could  also  be  causing  ignitions. 

The  differonco  between  the  levels  of  reac¬ 
tion  induced  in  these  shells  and  those  described 
earlier  at  a  free  air  surface,  can  be  explained 
by  reference  to  the  RARDE  Burning  Tube 
experiments.^  In  the  shock-induced  ignitions, 
the  site  of  the  initial  burning  reaction  is  totally 
confined.  The  response,  therefore,  is  dependent 
on  the  deflagrative  properties  of  the  explosive, 
as  well  as  the  level  of  confinement  that  it  expe¬ 
riences.  Variations  in  the  violence  of  the  event 
observed  with  the  shell  reflect  the  ranking 
order  of  explosive  compositions  in  the  RARDE 
Burning  Tube  test.  Higher  levels  of  explosive¬ 
ness  have  been  observed  with  RDX/TNT  lllled 
shells  than  with  TNT  fillings.  More  violent 
events  are  produced,  more  of  the  explosive  is 
consumed,  and  fragments  from  the  event  tend 
to  be  both  smaller  and  projected  further. 

The  use  of  the  externally  applied  donor 
weakens  the  case  material  both  by  thinning 
and  also  occasionally  by  producing  a  spall  from 


the  interior  surface.  It  is  likely  that  the 
ignition  site  is  close  to  the  area  of  weakness. 
Consequently,  the  case  is  inclined  to  fail  early 
in  the  buildup  of  deflagration,  with  the  result 
that  the  reduction  in  confinement  quenches 
the  reaction. 

Insufficient  experiments  have  been  con¬ 
ducted  on  large,  heavily  cased  shells  such  as 
the  6  inch  Naval  shells  filled  with  RDX/TNT  to 
come  to  any  conclusive  evidence.  However,  the 
indications  are  that  the  combination  of  confine¬ 
ment  on  these  semi-armour  piercing  projectiles 
and  the  high  levels  of  explosiveness  exhibited 
by  RDX/TNT  combine  against  producing  a 
satisfactory  means  of  disposing  of  these  shells 
using  the  shock-induced  technique.  However, 
the  ability  ef  RDX/TNT  to  burn  from  a  small 
free  air  surface  means  that  a  non-detonative 
disposal  technique  is  still  possible. 

Attempts  have  been  made  to  predict  the 
size  of  satisfactory  donor  charges  for  a  "new” 
shell  based  on  experiments  with  other  projec¬ 
tiles.  So  far,  this  has  not  been  successful.  It 
seems  that  explosive  type,  case  thickness, 
diameter  of  the  projectile,  and  case  material 
are  all  contributing  parameters,  but  no  simple 
formula  has  been  found.  However,  as  has  been 
demonstrated  with  the  example  of  the  experi¬ 
ments  with  the  M106  8  inch  shells,  on  most 
occasions  it  has  been  possible  to  work  up  to  a 
satisfactory  level  of  deflagration  within  very 
few  experiments. 

Shook-Induced  Deflagrations  In  1,0001b 
(454  kg)  General  Purpose  Bombs 

It  is  assumed  that  the  sources  of  Ignition 
in  the  bombs  were  very  similar  to  the  sources 
in  the  case  of  the  shells.  Therefore,  by  a  com¬ 
bination  of  shock  and  mechanical  deformation, 
ignitions  are  produced  in  the  explosive.  When 
the  case  has  not  been  pre-weakened,  then  the 
ignition  has  both  heavy  confinement  surround¬ 
ing  it  and  a  large  amount  of  explosive  to 
involve  in  the  reaction.  The  burning  process 
evolves  gas,  which  by  simple  kinetics,  causes 
the  burning  reaction  to  accelerate.  The 
increased  burning  rate  produces  mure  gas 
more  rapidly,  leading  to  further  pressure  rises. 
This  cycle  of  increased  reaction  rate  and 
pressure  rise  cun  then  accelerate  until  either 
the  pressure  generated  on  the  unreucted 
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explosive  exceeds  the  shock  initiation  pres¬ 
sure,  or  the  internal  pressure  exceeds  the  yield 
point  of  the  bomb  case.  In  consequence,  when 
this  sort  of  shock-induced  event  is  produced  in 
a  store  with  an  unweakened  bomb  case,  then 
the  heavy  confinement  and  large  explosive 
mass  ensures  that  there  is  a  possibility  of  a 
transition  iVom  deflagration  to  detonation. 

Once  the  bomb  case  has  been  weakened, 
then  the  yield  point  of  the  case  is  reduced. 
High  speed  Him  of  several  of  the  events  showed 
that  the  whole  panel  was  projected  from  the 
bomb  case  at  low  velocity  soon  after  the  initia¬ 
tion  of  the  donor  charge.  On  some  occasions, 
however,  the  case  did  not  entirely  disengage. 
This  occurred  most  frequently  with  the  bombs 
treated  with  the  large  circumscribed  area.  On 
these  occasions,  the  deflagrative  reaction 
induced  in  the  filling  faded  so  rapidly  that 
insufficient  disruptive  power  was  generated  to 
throw  the  panel  clear.  In  none  of  the  eleven 
occasions  v/lth  the  large  circumscribed  area  did 
a  violent  explosion  or  detonation  occur. 

The  level  of  reaction  Induced  in  the  bombs 
with  the  small  pre-weakening  panel  was 
markedly  more  violent.  On  two  out  of  eighteen 
occasions,  the  bombs  apparently  detonated  and 
in  three  others  there  was  a  violent  deflagrative 
event  with  considerable  disruption  of  both  case 
and  contents  of  the  bomb.  There  would  appear 
to  be  insufficient  effect  from  the  release  of  the 
smaller  circumscribed  area  to  prevent  an  exces¬ 
sive  buildup  of  the  deflagration.  However,  it 
does  graphically  illustrate  the  importance  of 
the  concept  of  explosiveness  as  identical  stimuli 
produce  wildly  different  levels  of  response. 
These  experiments  at  the  upper  limit  of  normal 
munition  else  also  show  that  explosive  fillings 
behave  in  a  similar  way  to  their  behavior  in 
the  RARDB  Burning  Tube  test;  ignitions  of  the 
explosive  do  not  automatically  transit  to 
detonations  because  of  scale  factors.  Further, 
confinement  release  mechanisms  that  occur 
naturally  in  munitions  can  be  enhanced  by 
purposely  pre-weakening  the  case  before 
inducing  deflagrutionB. 

CONCLUSIONS 

Recent  experiments  on  a  range  of 
munitions,  firom  shells  to  1,000  lb  OP  bombs, 
have  provided  further  evidence  for  the  roles  of 


confinement  and  the  innate  deflagrative  prop¬ 
erties  of  the  various  explosive  fillings  on  the 
level  of  violence  of  events  ensuing  from  stimuli 
which  produce  ignitions.  Experiments  have 
been  conducted  on  106  mm,  4.6  inch,  166  mm 
shells  filled  with  RDXH’NT  and  RDX/TNT 
analogs,  such  as  CW3.  With  the  fuse  and 
booster  pellet  removed,  the  explosive  main 
filling  has  been  ignited  by  a  small  thermite 
charge  placed  at  the  base  of  the  fuse  cavity. 
The  burning  reaction  so  produced  progresses 
through  a  steady  deflagration  until  all  the 
explosive  contained  in  the  shell  has  been  con¬ 
sumed.  The  rate  of  burning  does  not  increase, 
but  remains  relatively  constant  leaving  the 
carcass  of  the  shell  body  intact.  The  burning 
process  consumed  the  11.6  kg  of  RDX/TNT 
contained  in  the  larger  shells  in  approximately 
30  to  40  minutes. 

Similar  caliber  projectiles  filled  with  TNT 
would  not  sustain  a  steady  deflagration 
through  the  narrow  orifice  which  remained 
once  the  fuse  was  removed. 

Experiments  on  130  kg  charges  of  RDX/ 
TNT.  contained  within  light  alloy  confinement 
have  also  been  conducted.  Linear  cutting 
charges  made  from  lead  formed  into  a  chevron 
cross-section  have  been  used  to  cut  through  the 
case  of  the  munition.  The  case  afforded  mini¬ 
mal  confinement  and  was  easily  cut  by  the  lead 
cutting  charge.  Having  achieved  penetration, 
the  high  speed  residue  from  the  explosive 
cutting  charge  caused  the  explosive  filling  to 
ignite.  It  deflagrated,  but  the  burning  process 
was  non-disruptive  and  burned  the  explosive 
completely  without  explosion  or  detonation. 
The  self-confinement  alTorded  by  the  mass  of 
jxploslve  did  not  affect  the  level  of  the  event. 
The  experiment  was  repeated  several  hundred 
times  with  similar  results. 

Other  Ignition/deflagrations  have  been 
purposely  Induced  in  1,000  lb  QP  bombs  con¬ 
taining  up  to  186  kg  of  either  RDX/TNT/Al  or 
RDX/Wax/AI.  These  bombs  were  first  modified 
by  the  removal  of  the  base-plute.  The  explosive 
filling  was  then  ignited  at  the  free  air  sur¬ 
face  using  a  thermite  charge.  The  explosive 
again  burned  away  vigorously  without  explo¬ 
sion  or  detonation,  despite  the  heavy  steel 
confinement. 
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This  non-exploflive  deflagration  of  the 
exploflive  filling  of  munitions  v/hicti  have  a  free 
air  surface  has  been  observed  in  thousands  of 
experiments.  The  few  incidents  of  explosions 
or  detonations  reported  are  either  ascribed  to 
failure  to  remove  initiatory  elements  or  boost 
pellets  from  the  munitions  or  from  degradation 
products  formed  in  old  munitions,  e.g.,  those 
containing  ammonium  nitrato,  aluminum,  and 
TNT. 

Externally  applied  explosive  donor 
charges  have  been  used  as  an  alternative 
means  of  promoting  an  explosive  deflagration 
Inside  a  metal  confined  store,  such  as  a  shell 
or  bomb.  Ignitions  were  caused  in  the  explo¬ 
sive  by  a  combination  of  the  degraded  chock 
and  the  mechanical  deformation  of  the  case 
material.  The  reproducibility  of  this  process 
has  been  demonstrated  on  a  wide  variety  of 
shell  calibers  and  munition  fillings  ranging 
fVom  106  mm  to  8  inch.  Several  thousand 
experiments  have  been  conducted,  the  most 
spectacular  of  which  involved  the  demilitari¬ 
sation  of  700  8  inch  shells  filled  with  TNT, 
These  were  dealt  with  in  batches  of  30,  the 
totol  explosive  weight  involved  for  each  batch 
exceeding  740  kg  (1,600  lbs).  Alt  produced 
deflagrations  which  consumed  up  to  30  to 
40  percent  of  the  explosive  filling,  disrupted 
the  metal  casing  into  a  small  number  of  large 
pieces,  and  produced  only  a  localised  effect  on 
the  surroundings.  Fragment  throw  was  reduced 
to  tens  of  meters  and  noise  kept  to  a  minimum. 
The  carcasses  of  the  shells  containing  the 
residual  TNT  were  loosely  stacked  together 
and  burned.  The  large  surface  of  explosive  now 
available  permitted  the  TNT  to  burn  com¬ 
pletely  leaving  non-contaminated  metal. 

The  size  and  thickness  of  the  explosive 
donor  charge  to  induce  a  deflagtatiun  have 
been  explored.  Satisfactory  chorges  have  been 
found  for  most  calibers  between  105  mm  and 
8  inch,  although  no  universal  formula  has  been 
found  to  link  satisfactorily  the  size  of  donor 
with  the  projectile  to  be  attacked.  AcUustments 
have  to  be  made  to  accommodate  changes  in 
explosive  filling  type,  shell  wall  thickness  case 
material,  and  shell  caliber.  The  use  of  explo¬ 
sive  donor  charges  to  shock-induce  defla¬ 
grations  in  large  Iron  bombs,  e.g,,  600  lb  and 
1,000  lb  QP  bombs,  has  been  demonstrated. 


However,  the  large  mass  of  explosive  and  the 
heavy  confinement  afforded  by  i.ae  metal  cas¬ 
ing  occasionally  lead  to  deflagratio.n/detonation 
transitions.  Experiments  have  been  conducted 
using  flexible  linear  cutting  charges  to  weaken 
the  bomb  case  before  using  the  explosive  donor 
charges  to  induce  the  deflagration.  Two  sizes  of 
weakened  panel  have  been  used,  one  produced 
by  two  meters  of  cutting  charge  and  the  other 
from  using  one  meter.  High  speed  framing 
camera  pictures  show  the  weakened  panel 
faillhg  in  the  early  stages  of  the  induced  defla¬ 
gration.  The  sudden  pressure  loss  prevents  the 
transition  from  deflagration  to  detonation.  In 
repeated  similar  experiments  with  the  large 
area  of  weakness,  no  incidents  of  detonation 
have  occurred.  However,  some  incidents  of  deto¬ 
nation  and  violent  deflagiations  have  occurred 
when  only  the  smaller  area  was  weakened. 

Environmental  pressure  has  made 
disposal  of  surplus  ammunition  by  detonation 
extremely  unpopular  in  the  United  Kingdom. 
While  these  techniques  still  require  a  safety 
radius  to  accommodate  the  small  risk  of  deto¬ 
nation,  disposal  by  deflagration  techniques 
causes  much  less  environmental  Impact  than 
detonation.  Blast  and  noise  are  significantly 
reduced,  craters  are  avoided,  and  fragment 
radius  is  cut  by  an  order  of  magnitude.  None  of 
the  many  thousands  of  experiments  described 
has  attracted  adverse  comment  from  members 
of  the  public.  The  phenomena  described  provide 
possible  alternative  methods  for  the  demilita¬ 
rization  of  explosive  filled  munitions,  as  well 
as  throwing  additional  light  on  the  deflagra- 
tive  behavior  of  cased  explosive  charges, 
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Measurementa  are  reported  on  detonationa  of  homogeneoua  liquid 
nitric  oxide  initially  at  T  «  119  K,  Po  =  1.28  g/cm.  Plane-ahoek 
initiation  in  mirror-coucred  wedgea  demonatrated  detonation  in 
preahocked  material  (auperdetonation)  that  overtook  the  amooth  input 
ahock,  Ita  tranaoerae  irregularitiea  continued  in  the  unaupported 
detonation.  The  input  ahock  ran  ca,  3  mm  at  Ui  -  3.8  ±  0.2  km/a. 
Behind  it  the  fluid  had  Up  =  0.89  d:  0,02  km/a,  p  =  4,3  ±  0.3  OPa, 
p  =  1,67  ±  0,03  gfcm^,  and  the  auperdetonation  hadD*iab  **  6.9  km/a. 
In  356'mm  long  graphite  tubea  with  25,4~mm  inner  diameter, 
meaaured  detonation  velocity  iaD  =  5552  ±  3  m/a.  Failure  diameter 
in  graphite  ia  below  8  mm.  Free-aurface  oelocitiea  of  1-  and  2‘mm 
aluminum  platea  terminating  the  detonation  axia  were  near  1,5  km/a, 
approximately  aa  predicted  for  CJ  flow  at  D«,  =  5564  m/a,  Up  - 
1,34  km/a  impinging  on  aluminum.  Electronic  atreak  photography  at 
d  -  20,6  mm  in  braaa  registered  a  amoothly  convex  detonation  front 
with  apparent  brightneaa  temperature  of  1735  ±  40  K  aa  it  reached  on 
end  window  asynchronously, 


INTRODUCTION 

Liquid  nitric  oxide  was  studied  as  a 
prototype  condenaod^phase  explosive  in  a 
multidUclplinary  research  program  pursued 
during  the  1980s  at  Los  Alamos  National 
Laboratory.  Theoretical  atomic/molecular 
treatments  of  this  energetic,  two-element  aub- 
stance  and  the  products  of  its  decomposition  at 
condensed-phase  density  are  simpler  and 
correspondingly  more  mature  than  if  carbon 
and/or  hydrogen  were  included.  Experiments 
with  nitric  oxide  were  favored  by  uniformly  pure 
NO  gas  furnished  as  needed  from  the  Labora¬ 
tory’s  distillation  facility  operated  for  enrich¬ 
ment*  of  the  stable  isotopes  of  both  0  and  N. 

The  present  report  assembles  the 
dynamic  measurements  we  completed  on 
cryogenlcally  liqueilcd  nitric  oxide  functioning 
as  a  detonating,  homogeneous  high  explosive. 
Precisely  delayed  initiation  of  detonation  by  a 
suitably  weak  input  shock  is  demonatrated  by 
a  combination  of  orthodox  wedge,  Impedance 


mirror,  and  gas-gun  techniques,  The  main 
results  from  long  cylindrical  charges  are 
detonation  velocity  at  selected  diameters  and 
on-axis  acceleration  of  thin  aluminum  plates 
at  the  charge  end  Finally,  a  single  measure¬ 
ment  by  image-intensined,  direct  photography 
through  a  full-diameter  window  on  a  short 
cylinder  is  presented.  This  quantitatively 
demonstrates  the  convex  shape  and  optical 
brightness  of  a  detonation  front  in  liquid  nitric 
oxide.  These  measurements  extend  or  super¬ 
sede  those  we  have  published  earlier.**'^*^  The 
broad  scope  of  the  Laboratory’s  program 
included  this  work  and  related  studies  of  nitric 
oxide,  its  constituent  elements,  and  other 
oxidation  states  of  nitrogen  under  static  and 
transient  conditions  of  high  pressure  and/or 
energy.  Representative  accounts  are  given  in 
References  6-10. 

The  customary  chemical  formula  of  nitric 
oxide,  NO,  represents  the  diatomic  molecular 
form  of  its  gas  phase  under  ambient  conditions. 
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Cryogenic  condensation  to  solid  or  liquid  is 
accompanied  by  reversible  dimerization  to 
molecular  N2O2.  The  substance  melts  at 
109.5  K  and  boils  at  121.4  K.  In  all  of  its  states 
of  aggregation,  its  energy  of  formation  sig¬ 
nificantly  exceeds  that  of  the  constituent 
elements,  O2  and  N2,  and  of  any  of  the  other 
nitrogen  oxides.  We  apply  the  name  liquid 
nitric  oxide  to  the  homogeneous,  neat  explosive 
confined  at  temperatures  near  1 19  K,  and  use 
one  of  the  above  chemical  formulas  when  the 
molecular  form  or  the  gaseous  state  is  pertinent. 

INITIATION  OF  DETONATION 
BY  SHOCK 

Background 

Earlier  investigations'*'**’*^  of  occurrence 
of  detonation  in  dense  nitric  oxide  demonstrated 
its  initiation  in  liquid  or  mixed  phases  by 
shocks  from  donor  explosives  or  an  equivalent 
projectile.  The  results  wore  convincing  that,  in 
its  susceptibility  to  detonation  by  accidental 
shock,  condensed  nitric  oxide  under  technologi¬ 
cally  typical  conditions  more  closely  resembles 
nitroglycerine  than  it  does  the  less  sensitive 
liquid  high  explosives.  However,  the  pre¬ 
viously  applied  methods  did  not  examine  the 
detailed  shock  processes  leading  to  detonation 
or  subject  the  explosive  only  to  plane  or 
divergent  flows.  Also,  each  investigation  was 
done  with  nitric  oxide  that  contained  different, 
small  percentages  of  NO2,  N2O,  and  N2 
accumulated  from  gradual,  spontaneous 
decomposition  of  NO  kept  as  a  compressed  gas. 

In  order  to  gain  more  precise  information 
on  initiation  of  detonation  in  liquid  nitric 
oxide,  we  have  aimed  to  control  the  shock 
geometry  and  the  NO  purity.  Our  preliminary 
experiments  used  plane  wave  explosive 
systems  as  donors  with  uniform  metal  inter¬ 
mediate  members  to  transmit  and  attenuate 
shocks  at  selected  strength.  Measurements 
included  transit  times  through  disk-shaped 
samples  at  a  succession  of  depths  and  olectro- 
optically  intensified  end-on  streak  photog¬ 
raphy  across  a  diameter  of  a  window-covered 
disk.  An  unsuccessful  attempt  was  made  to 
perform  laser  velocity  interferometry  at  the 
impact  surface,  viewing  through  the  liquid 
and  window  above  it.  The  investigation  was 


culminated  by  two  gas-gun  shots  that  yielded 
clear  streak-camera  records  of  delayed  deto¬ 
nation  overtaking  the  steady  input  shock  in 
wedges  of  homogeneous  liquid  explosive.  The 
foregoing  developments  were  reported  in 
detail,^  with  emphasis  on  their  qualitative 
features.  Here  we  extend  the  earlier  account  of 
the  wedge  experiments  by  quantitative  treat¬ 
ment  of  the  wave  velocities  and  the  shocked 
state  produced  prior  to  the  detonation. 

Wave  Sequence 

Figure  1  displays  a  record  of  initiation  of 
detonation  in  a  wedge  of  liquid  nitric  oxide.  A 
very  similar  record  from  a  second  such  shot 
and  a  schematic  diagram  of  the  gun  target  are 
shown  in  the  appended  posters  and  available 
elsewhere.^  The  shot  configurations  had  a 
conventional  wedge-shaped  volume  of  explo¬ 
sive  bounded  downstream  by  a  mirror-coated 
PMMA  window  surface  inclined  to  the  wave 
front.  This  interface  was  illuminated  by  an 
explosively  shocked  xenon  lamp  and  photo¬ 
graphed  through  the  streak-camera  slit.  The 
initiating  shock  was  introduced  at  the  base 
plane  of  the  liquid  wedge  by  transmission  from 
a  smooth  copper  plate  whose  opposite  face  was 
struck  by  a  matching  copper  impactor  deliv¬ 
ered  from  the  gun  muzzle. 

Dynamic  events  at  the  mirrored  interface 
alter  its  reflection  at  each  position  viewed  by 
the  slit,  beginning  when  the  first  disturbance 
arrives.  Advancing  waves  in  the  flow  are 
recorded  as  continuous  tracks  with  positive 
slope.  Early  in  the  record  of  B'igure  1,  where 
the  explosive  is  thinnest,  the  input  shock 
makes  a  smooth,  straight  track  us  it  reaches 
the  inclined  mirror.  Farther  along,  detonation 
makes  a  second  track.  The  input-shock  track 
terminates  at  a  depth  of  3  mm,  and  thereafter 
the  single  track  is  formed  by  detonation 
proceeding  in  original  explosive.  Before  this 
transition  point  the  detonation  track  appears 
in  the  sector  to  the  left  and  identifies  the 
beginning  of  detonation  as  a  separate,  fast 
wave  in  the  compressed,  moving  material 
behind  the  Input  shock.  In  this  domain  the 
PMMA  substrate  of  the  mirror  likewise  is 
shocked,  and  the  reflecting  surface  is 
reoriented  to  a  decreased  wedge  angle.  The 
separation  between  the  waves  and  between 
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Figure  1.  Annotated  Streak  Photograph  of  Delayed  Initiation  of  Detonation  in  Wedge  of  Liquid 
Nitric  Oxide.  Time-axia  origin  is  arbitrary;  slit-axis  projectiona/as  shown. 


thoir  resulting  tracks  each  diminishes  linearly 
to  zero  when  the  input  shock  is  overtaken 
supersonically  from  the  rear.  This  event  is 
pointed  out  in  Figure  1 , 

The  sequence  of  waves  found  here  dupli¬ 
cates,  at  least  qualitatively,  the  initiation 
mechanism  witnessed  repeatedly  in  liquid 
nitromothane  and  recognized  in  other  homo¬ 
geneous  explosive  media,  including  single 
crystals  and  doubly-shocked  gases.  The 
PMMA  substrate  supporting  the  mirrored 
wedge  boundary  has  enabled  our  technique  to 
record  the  three  principal  wave  fronts  and  the 
transverse  structure  begun  in  the  earliest 
detonation  motion. 

Control  of  Conditions 

The  straight  tracks  of  the  frontmost  waves 
recorded  in  Figure  1  determine  a  precise  depth 
of  overtake  by  their  intersection  and  indicate 
sensibly  constant  velocities  of  the  input  shock 
front  and  later  of  the  detonation  propagating 
through  original  explosive  liquid.  For  this 


depth  and  these  velocities  to  be  interpreted,  the 
strength  and  orientation  of  the  input  shock 
must  be  adequately  uniform  over  the  wedge 
section  whose  termination  on  the  slant  face  is 
photographed.  On  the  indication  from  Figure  1 
that  these  criteria  are  met,  we  proceed  to 
address  the  relevant  material  conditions. 

The  density  of  the  initial  nitric  oxide 
liquid  is  governed  by  its  temperature.  Data 
from  References  13-16  are  represented 
between  T=  110and130Kby 

p„^(g/cm®)  =  1.274  +  . 00469(120. 0-T)  .  (1) 

Under  radiative  heat  load  from  gun 
components  in  both  axial  directions,  the  copper 
structure  of  the  gas  gun  target  attained  an 
approximately  uniform  temperature  after  cool¬ 
down.  A  thermocouple  in  a  blind  well  next  to 
the  explosive-filled  space  stably  registered 
120.0  ±  0.3  K  over  times  exceeding  10®  s 
before  firing  each  shot.  The  condition  in  the 
nitric  oxide  liquid  was  also  measured  by  the 
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vapor  preasure  recorded  during  filling  of  the 
visible  wedge  volume.  This  indicated  a  some¬ 
what  lower  temperatu  re,  1 17.6  K.  The  average 
of  these  temperatures,  118.8  K,  is  taken  to 
determine  p  =  1.28  ±  0.006  g/cm®.  Gravita¬ 
tional  stratiflcatior.  is  relied  upon  to  keep 
nonuniformity  within  the  horizontal  wedge 
section  less  than  the  absolute  uncertainty  of 
the  liquid  density. 

A  test  of  our  control  of  conditions  that 
might  influence  the  initiation  of  detonation 
was  made  by  a  duplicate  experiment.  The 
same  target  and  impactor  materials  were  used, 
and  each  face  of  the  pure  copper  elements  in 
the  shock-forming  path  was  diamond-tool 
machined  to  6  x  10‘°  mm  smoothness.  The 
impact  velocity  from  the  gun  was  repeated  to 
within  0.2  percent.  The  two  shots  used  delib¬ 
erately  different  batches  of  nitric  oxide.  Fig¬ 
ure  1  is  from  the  shot  with  the  purest  liquefied 
NO  gas  we  could  manage;  absence  of  detectable 
infrared  absorption  through  100-mm  path  at 
86  kPa  gas  pressure  determined  the  sum  of 
mass  fractions  of  N2O  and  NO2  to  be  below  10'^. 
However,  the  liquefied  state  appeared  bluish 
and  not  as  colorless  as  if  the  nitric  oxide  were 
ultrapurc.^®  Because  it  was  impractical  to 
eliminate  the  triatomic  constituents,  we  tested 
their  possible  infliience  upon  initiation  of  deto¬ 
nation  by  increasing  their  concentrations  to  a 
total  mass  fraction  near  1  x  10'®,  measured  by 
infrared  analysis.  This  alteration  of  composi¬ 
tion  was  not  enough  to  perceptibly  influence 
the  density,  detonation  velocity,  or  initial- 
shock  Hugoniot  of  the  liquid  explosive.  The 
increase  in  run  to  detonation  that  it  produced, 
from  3.0  mm  to  3.4  mm,  is  email  enough  that 
the  apparent  desensltization  is  of  uncertain 
significance  The  important  indication  is 
that  impurities  that  accumulate  in  NO  by 
its  slow,  spontaneous  disproportionation  do  not 
profoundly  alter  the  initiation  of  detonation  of 
its  liquid  form. 

Primary  Wave  Velocities 

In  Figure  1  the  arrival  tracks  for  the 
input  shock  and  the  final  detonation  have 
positive  slopes;  their  angular  departures  from 
the  horizontal  are  respectively  denoted  4>l  and 
4*1).  The  corresponding  apparent  velocities  at 
which  the  respective  waves  in  the  wedge 


progressed  along  the  photographed  band  on  the 
mirrored  face  are  Si  =  (W  cot  and  So  = 
(W  cot  4)D)/Ma,  where  W  is  the  writing  rate  of 
the  camera  and  Ma  is  the  apparent  magnifi¬ 
cation  at  which  distances  along  the  sloped  object 
are  projected  through  the  camera  slit  and  onto 
the  fllm.  These  and  other  raw  results  of  our  two 
wedge  experiments  are  assembled  in  Table  1. 


Table  /.  Liquid  Nitric  Oxide  Wedge 
Parameters 


Qas-Oun  Shot  No. 

660 

661 

Photograph 

Fig.l 

Ref.  4 

Projectile  Speed  (km/s) 

1.008 

1.010 

Wedge  Angle,  ip  (rad) 

0.172 

0.173 

So  (km/s) 

36.9 

33.8 

Si  (km/s) 

24.0 

22.8 

To  evaluate  the  wavefront  velocities,  Ui 
and  D,  from  Si  and  So,  we  assume  as  the  ideal 
case  that  the  waves  are  exactly  parallel  to  the 
wedge  base.  We  then  consider  that  in  reality 
there  is  small  departure  from  ideal  wave 
orientation  caused  by  unintended  tilt  between 
the  colliding  surfaces  of  impactor  and  target. 
Coordinates  are  adopted  with  the  x,  y  plane  in 
the  impact  face  of  the  wedge  and  the  positive 
z-axis  directed  normally  into  the  explosive. 
The  axis  of  the  photographic  object  band  on  the 
slant  face  lies  in  tlie  x,  z  plane  by  definition, 
and  has  direction  cosines  (cos  ip,  0,  sin  ip), 
where  ip  is  the  wedge  angle.  Planar  waves, 
identilled  by  subscript  w,  are  oriented  in  this 
coordinate  system  by  their  unit  normal  vectors 
(uw,  bw,  Cw).  Waves  that  are  ideally  parallel  to 
the  wedge  base  have  c^  =  1,  aw  =  bw  =  0,  and 
their  wave  speed  is  simply  Uw  =  Sw  sin  tp.  For 
tilted  waves, 

Waves  crossing  z  =  Zu  planes  with  a  small 
delay  gradient  along  the  x-  and/or  y-directions 
possess  small  tilt  components  aw  and/or  bw  that 
are  proportional  to  Uw  itself.  For  detonation 
following  a  slower  input  shock  by  a  uniform 
time,  this  determines 
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®D  =  aj(Ujj/U,)  .  (3) 

The  analogous  acceptor/donor  relation  between 
bp  and  b|  is  presumed,  but  is  inconsequential. 

Table  2  traces  the  application  of  these 
wave  orientation  relationships  to  the  speeds  of 
Table  1.  The  detonation  speeds,  D,  in  the 
"ideal”  columns  for  the  two  shots  differ  from 
each  other,  and  both  are  larger  than  the 
velocity  near  6.66  km/s  expected  fur  unsup¬ 
ported  detonation.  The  input  shock  speeds 
assuming  ideal  orientation  are  likewise 
unequal,  whereas  the  gun  projectile  speed  was 
duplicated.  However,  in  each  shot  we  find 
(Uj/D)  =  0.67  ±  .01. 

In  the  columns  headed  "tilted,”  we 
reconcile  these  results  by  considering  first  the 
tilt  component  ap  needed  to  adjust  each 
detonation  wave  speed  to  an  assumed  value  of 
6.66  km/s.  The  effect  upon  cp  =  V 1  -  a'^p  -  b'^p 
of  an  unknown  y-component,  bp,  is  ignored. 
Extending  the  adjustment  to  the  input  shock  is 
less  definite,  and  two  naive  estimates  for  ai  are 
evaluated.  Taking  ai  =  ap  gives  values  of  Ui 
near  3.7  km/s  from  both  shots.  Considering  the 
detonation  as  acceptor  and  input  shock  as 
donor  according  to  Equation  (3)  diminishes  the 


Table  2.  Wave  Velocities  in  Liquid  Nitric 
Oxide* 


Shot  660 

Shot  661 

Ideal 

Tilted 

Ideal 

Tilted 

Detonation; 

CD 

(1.0) 

.99986 

(1.0) 

.99996 

ao 

(0.0) 

-.0170 

(0.0) 

-.0084 

D(km/8) 

6.16 

(6,66) 

_ 1 

6.82 

(6.66) 

Input  Shock; 

ai(  =  an) 

(0.0) 

-.0170 

(0.0) 

-.0084 

U|  (km/s) 

4,10 

3.70 

3.92 

3,74 

ai(^aDUi/D) 

-.0117 

-.0067 

U|  (km/s) 

3.84 

3.80 

'^Assumed  values  in  parentheses;  symbols 
defined  in  text. 


adjustment  of  each  U  i  from  its  "ideal”  value,  and 
the  resulting  values  are  both  near  3.8  km/s. 

Hugoniot  State  and  Superdetonation 

Ui  -  3.8  ±  0.2  km/s  is  adopted  to  deter¬ 
mine  the  shocked  state  of  nitric  oxide  fluid 
in  which  the  superdetonations  occurred.  With 
the  symmetric  approximation  for  the  shock 
and  release  of  pressure  and  particle  velocity  in 
copper,  the  following  properties  are  found  from 
the  conservation  equations  for  the  matching 
shock  in  the  explosive;  pressure  pj  ==  4.3  ± 
0.3  QPa;  particle  velocity,  ui  =  0.89  ± 
0.02  km/s;  density,  pi  =  1.67  ±  0.03  g/cm®  “ 
1.306  Pol  specific  internal  energy,  Ei  ~  Eu  + 
0.40  ±  0.02  kJ/g.  Eo  for  the  original  liquefied 
nitric  oxide  has  the  value  -f  2.66  ±  0.01  kJ/g, 
relative  to  the  elements  O2  and  N2  as  ideal 
gases  at  zero  K.^  Prom  the  averages  of  the 
corresponding  angles  of  the  tracks  registered 
by  the  superdetonations  in  Figure  1  and  Refer¬ 
ence  4  before  they  overtook  the  input  shocks, 
we  find  S*  =  46.6  km/s  and  D*,n8t  -  6.0  km/s. 
This  Buperdetonation  velocity  is  in  the  frame 
of  the  compressed,  moving  material.  In  a 
Eulerian  frame  D*iai,  has  the  value  6.0  + 
0,9  =  6,9  km/s.  These  values  of  D*  are  subject 
to  large  uncertainty  from  tilt,  and  aro 
presented  primarily  to  illustrate  the  relation¬ 
ships  applicable  in  the  compressed  wedge 
confined  by  a  window  with  matching  shock 
impedance. 

DETONATION  PRESSURE  AND 
VELOCITY  MEASUREMENTS 

The  experimental  arrangements  have 
been  described  previouB'y.^  The  tubes  con¬ 
fining  the  explosive  were  made  of  graphite, 
They  were  cooled  with  liquid  nitrogen  in  a 
bath  with  isopentane  as  the  boat  transfer  fluid. 
With  vigorous  stirring,  the  temperature  was 
maintained  uniform  along  the  length  of  the 
tube,  Table  3  gives  a  list  of  temperatures. 
Except  for  the  heat  leak  from  the  booster 
explosive  warming  the  first  thermocouple 
station,  the  temperature  control  is  very  good. 

Graphite  was  chosen  as  the  confining 
material  because  it  is  available  commercially 
in  the  form  of  tubes,  it  has  a  relatively  low 
shock  impedance  and  offers  minimal  confine¬ 
ment,  and  it  was  thought  that  there  would  be 
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Table  3.  Temperature  Uniformity  Along 
Qraphite-Walled  Charges  of  Liquid  Nitric 
Oxide 


Station 

Number 

Distance 
from  Booster 
(mm) 

Temperature  (“O 

Shot 

F-6730 

Shot 

8-184 

1 

25.4 

-153.89 

-16376 

2 

76.2 

-164.11 

-164.06 

3 

127.0 

-154.25 

-164.10 

4 

177.8 

-154,24 

-164.14 

6 

228.6 

-164.16 

-154.06 

6 

279.4 

-164.07 

-154.06 

7 

330.2 

-163.98 

-164.01 

no  region  of  aubaonic  flow  in  the  graphite  that 
might  cauae  a  perturbation  where  the  wave  in 
the  expioaive  interaecta  the  tube  wall.  Later 
calculationa  have  shown  that  the  uncertainties 
in  the  equations  of  state  are  large  enough  that 
there  could  be  a  small  subsonic  region. 

The  detonation  pressure  is  inferred  from 
the  measured  free-surfaee  velocity  of  a  6061 
dural  plate  driven  by  the  explosive  at  the  end 
of  its  run  through  366.6  mrn  of  nitric  oxide  in 
the  26.4-mm  diameter  tube.  The  velocity  was 
measured  using  the  method  described  by  Davis 
and  Craig. it  has  been  shown  by  Davis  and 
Venable’^  that  the  measured  free-surface  velo¬ 
city  is  a  linear  function  offx/d)*^,  where  x  is  the 
thickness  of  the  plate,  and  d  is  the  diameter  of 
the  detonation  tube.  The  data  are  plotted  in 
Figure  2.  The  intercept  with  the  axis  gives  the 
desired  value  of  the  free-surface  velocity,  which 
is  then  used  to  find  the  particle  velocity  in  the 
dural  at  the  instant  it  is  contacted  by  the 
detonation  wave. 

Figure  3  is  a  plot  in  the  pressure  - 
particle  velocity  plane  of  the  Hugoniot  curve 
for  dural  and  the  reflected  shock  Hugoniot 
curve  for  the  explosive.  Their  intersection 
should  be  at  the  point  measured  in  the  free- 
surface  velocity  experiments  if  the  reflected 
shock  ilugonoit  curve  is  the  correct  one. 


Figure  2,  Plot  ofFree-Surface  Velocity  us.  Plate 
Thickness  for  Nitromethane  From  Reference  18 
and  for  the  Measurements  From  Shots  F’5730 
and  8-184  Described  Here.  The  extrapolation  to 
zero  plate  thickness  is  made  using  the  same 
fi^actional  decrement  for  each. 

Within  the  accuracy  of  the  experimental 
result,  the  curve  is  satisfactory. 

An  important  reason  for  performing  these 
measurements  was  to  try  to  answer  questions 
raised  by  speculation  that  real  detonations  are 
weak  detonations,  not  Chapman-Jouguet  (C-J) 
detonations.  Nitric  oxide  is  the  only  condensed 
phase  material  for  which  it  has  been  possible  to 
measure  the  equation  of  state  of  the  detonation 
products  in  separate  experiments  that  are  not 
detonation  experiments.^  in  Figure  3  the  C-J 
state  and  its  reflected-shock  Hugoniot  are  the 
ones  calculated  from  a  semi-empirical  equation 
of  state  of  equilibrium  products  from  liquid 
nitric  oxide.  This  is  based  on  the  measured 
shock  Hugoniots  of  oxygen  and  nitrogen 
individually  and  of  nitric  oxide  products  in 
overdriven  detonation  states.  Hence  it  is  inde¬ 
pendent  of  assumptions  about  the  nature  of  the 
unsupported  detonation  of  nitric  oxide.  The 
measured  point  plotted  in  Figure  3  is  not  in 
disagreement  with  the  assumption  that  the 
real  detonation  is  a  C-J  detonation.  The  data 
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Figure  3.  Matching  of  Nitric  Oxide  Detonation 
Products  into  the  Dural  Plate,  Plotted  in  the 
Pressure  os.  Particle  Velocity  Plane.  The  value 
of  particle  velocity  inferred  from  the  free -surface 
velocity  measurements  is  plotted  with  estimated 
error  span.  There  is  no  disagreement  with  the 
assumption  that  the  detonation  is  a  CJ 
detonation. 

arc  not  adequate  to  put  any  severe  limit  on  the 
range  of  weak  (or  strong)  detonations  that 
might  also  be  in  agreement  with  the  data. 

Detonation  velocity  measurements  were 
made  incidental  to  the  pressure  measure¬ 
ments.  A  plot  of  detonation  velocity  versus 
charge  diameter  in  shown  in  Figure  4.  The 
inFinite-medium  detonation  velocity  is  esti¬ 
mated  to  bo  6664  m/s  at  a  temperature  of  1 19  K, 
corresponding  to  a  density  of  1.280  g/cm®. 

DETONATION  FRONT 
PHOTOGRAPH 

We  had  ambitiously  intended  to  use 
measured  wavefront  shapes  in  long,  deto¬ 
nating  charges  of  several  dilTorent  diameters 
to  determine  rates  of  energy  release  in  the 
reaction  zone.'^  However,  we  completed  only  u 
prototype  experiment  demonstrating  wavefront 
curvature.  Electronically  intensified  cameras 
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Figure  4,  Plot  of  Detonation  Velocity  Versus 
Reciprocal  Diameter  for  Nitric  Oxide  at  119  K 
and  Density  1.280  glcm^.  The  large  decrement 
is  unusual  for  a  liquid  explosive. 


of  two  types,  single-frame  and  streak,  wore 
used  to  photograph  self-light  from  the  trans¬ 
parent  end  of  a  detonating  cylinder  of  N2O2 
capped  by  a  flat  PMMA  window.  The  cylinder 
interior  was  40  mm  long  and  20  mm  in  diam¬ 
eter,  end  detonation  was  initiated  promptly  by 
a  flat,  axially  directed  shock  introduced  from 
detonating  TNT  through  the  brass  end  wall 
opposite  the  window. 

The  streak  photograph  from  this  experi¬ 
ment  is  displayed  in  Figure  6,  with  axes  to 
indicate  the  diametrical  slit  and  advancing 
time,  t.  The  midpoint  of  the  streak  record 
coincides  with  the  framing  picture  exposure 
discussed  below,  and  is  taken  as  the  time 
origin.  Somewhat  later,  when  the  detonation 
reached  the  window,  it  abruptly  intensified  the 
otherwise  slowly  varying  exposure  on  the  film. 
The  resulting  arrival  track  appeared  earliest 
at  the  charge  axis  (t^xii  =  0.34  ps)  and  formed 
a  smooth,  symmetric  arc  indicating  that  the 
detonation  front  is  likewise  curved  and  at  the 
walls  lagged  by  0.09  ps,  or  0.6  mm  (twaii  = 
0,43  ps).  Transverse  irregularity  indicative  of 
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Figure  5,  Electronic  Streak  Photograph  of 
Self 'Light  from  Convex  Front  of  Liquid  Nitric 
Oxide  Detonation  Reaching  Full-Diameter 
PMMA  Window,  Brightneae  temperaturea  at 
zero  radius  plotted  above  to  same  lime  axis. 

proximity  to  tho  failure  diameter  is  absent, 
and  any  fine-scaled  manifestations  of  non- 
laminar  detonation  flow  are  not  resolved  by 
our  electronically  intensified  photography. 

The  single-frame  picture,  exposed  for 
30  ns,  showed  the  full  circular  area  of  the 
approaching  detonation  when  its  front  was  still 
about  0.4  ps,  or  2  mm,  from  reaching  the 
window  surface.  It  showed  a  uniformly  exposed 
disc  whose  apparent  brightness  we  matched 
through  the  same  photographic  system  by  an 
incandescent  tungsten-ribbon  lamp  The  equi¬ 
valent  black-body  temperature  of  the  tungsten 
source  was  1706  ±  37  K,  and  exposures  at 
nearby  temperatures  indicated  the  film  coef¬ 
ficient.  Densitometry  of  the  streak  photograph 
showed  that  the  brightness  of  the  detonation 
increased  steadily,  and  understandably,  as  the 
remaining  depth  of  undisturbed,  bluish-gray 
N2O2  liquid  diminished.  The  abrupt  increase 
of  brightness  when  the  PMMA  window  was 
reached  was  followed  by  a  steep,  steady 


decrease.  The  apparent  brightness  tempera¬ 
tures  determined  f^om  the  axial  densitometric 
scan  are  plotted  against  time  at  the  top  of 
Figure  6. 

All  these  brightness  temperatures  are  far 
below  the  C-J  temperature  of  approximately 
2600  K  we  expect^ ^  ft'om  the  equation  of  state 
of  products  from  detonating  N2O2  at  liquid 
initial  density.  The  simplest  interpretation, 
sufTicient  but  not  unique,  is  that  the  reaction 
zone  andyor  unreacted  layer  is  significantly 
opaque  and  behaves  in  the  limit  as  a  black 
body  near  173S  K.  The  effective  emissivity  of 
the  detonation  product  sLata  at  or  near  C-J 
conditions  remains  unknown,  as  does  the 
coiuplex  not  effect  of  encountering  the  PMMA 
ooundary, 

DISCUSSION 

More,  in  conjunction  with  the  poster 
panels  which  appear  elsewhere  in  this 
Proceedings,  we  expand  our  assessment  of 
selected  features  of  the  measurements 
presented  above. 

The  second  poster  panel  includes  a 
diagram  of  the  instrumentation  on  the  exterior 
of  the  long  graphite  tubes  that  led  to  the  data 
in  Table  3  and  Figures  2  and  4,  The  precise 
detonation  velocity  of  liquid  nitric  oxide  found 
in  26.4-inm  i.d.  graphite  at  119.1  ±  0.1  K  is 
D  5562  ±  3  m/s.  This  was  determined  by 
means  of  tho  illustrated  twisted  pairs  of  thinly 
insulated  magnet-wire  sensors  installed  at  the 
apexes  of  uniformly  deep,  exterior  V-grooves  in 
the  tube  walls.  Figure  4  includes  this  value 
along  with  the  less  precisely  determined^ 
velocities  of  the  slower  detonations  at  two 
diameters  below  10  mm. 

The  second  and  third  poster  panels  con¬ 
tain  abbreviated  statements  that  extend  our 
interpretations  of  Figures  3  and  5,  respectively. 

Mean  results  from  the  pairs  of  experi¬ 
ments  represented  in  Tables  1  and  2  above, 
and  of  their  consequences  developed  under 
the  subheading  "Hugoniot  State  and  Super¬ 
detonation,”  are  extended  and  arranged  in 
tabular  form  in  the  fourth  panel,  under  the 
heading:  Wedge  Initiation — Quantitative.  The 
present  collection  of  these  results  supersedes  a 
previous,  preliminary  account.^* 
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Our  determination  of  Buperdetonation 
velocity,  O'*,  is  admittedly  compromised  by 
somewhat  uncertain  effects  of  wave  tilt  and 
transmission  of  the  input  shock  into  the 
PMMA  window.  However,  unlike  many 
earlier  determinations  of  D*  in  nitromethane 
and  other  liquids,^^'^^  it  is  baaed  on  the  slope  of 
the  continuously  recorded  final  segment  of  the 
Buperdetonation  trajectory,  rather  than  on  the 
time  differential  associated  with  passage  of  the 
Buperdetonation  from  an  inferred  origin  plane 
to  the  depth  of  the  input  shock  at  overtake. 

The  input  shock  in  liquid  nitric  oxide  that 
we  have  employed  to  achieve  overtake  in  3.0  > 
3.4  mm  has  a  combination  of  pressure  and 
particle  velocity  that  lies  within  the  range  of 
impedances  found  historically  for  PMMA.^^ 
We  recognized  this  coincidence  only  as  an 
outcome  of  our  measurement  on  the  liquid 
nitric  oxide  confined  downstream  by  the 
PMMA  that  formed  the  solid  member  defining 
the  slant  face  of  the  wedge  near  its  toe.  We 
have  not  pursued  such  reHnements  as  allowing 
for  the  increased  PMMA  density  at  -153‘’C  or 
selecting  PMMA  stock  in  order  to  improve  the 
impedance  match.  We  simply  note  that 
fortuitously,  our  input-shock  state  for 
initiating  detonation  in  homogeneous  liquid 
nitric  oxide  was  subject  to  only  minor 
perturbation  upon  transmission  of  the  shock 
front  across  the  slant  face  of  the  wedge. 

The  fifth  poster  panel,  headed  Wedge 
Initiation — Qualitative,  augments  the  streak 
records  of  wedge  initiation  with  synthetic 
(computer-generated,  color)  snapshots  of 
sections  through  the  wedge  in  its  initial 
configuration  and  at  three  representative 
times  after  the  shock  enters  the  wedge  base. 
The  static  section  is  at  the  lower  left;  the  lower 
right  and  upper  left  sectional  snapshots  show 
conditions  prior  to  the  overtake.  The  final 
snapshot,  at  the  upper  right,  shows  a  condition 
after  overtake,  when  detonation  is  occurring  in 
original  liquid  explosive. 

Our  wedge  initiation  results  exhibited  in 
Figure  1  and  amplified  in  Reference  4  show 
qualitatively  how  the  wavefront  of  super¬ 
detonation  evolves  gradually  in  the  interior  of 
the  shuck  layer.  The  supcrdotonation  gains 
definition  of  its  registration  by  the  mirrored 


confining  boundary  while  its  front  advances 
through  fluid  layers  initially  situated  from 
1  mm  to  2  mm  iVom  the  copper  surface  at 
the  wedge  base.  This  result  is  in  qualitative 
agreement  with  experimental^^  and  theoreti¬ 
cal^^  findings  emphasized  in  the  present 
symposium. 
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MECHANISMS  OF  DETONATION  AND  FAILURE  IN  WEAK 
CHEMICALLY  SENSITIZED  MINING  SAFETY  EXPLOSIVES 


M.  Kennedy  and  I.  D,  Kerr 

Health  and  Safety  Bxecutive,  Ref  earoh  and  Laboratory  Servioes 
Divialon,  Harpur  Hill,  Buxton,  Derbyshire,  SK17  BJN,  England,  UNITED  KINGDOM 


Thit  paper  ditcutaee  the  experimental  derivation  of  detonation  reaction 
zone  ehapee,  dcneitiee,  preesuree,  and  particle  velocitiee  in  weak 
mining  eafety  exploeioee  of  the  powder  type.  It  then  ahowa  how  thia 
information  can  be  ueed  to  deviae  a  model  of  the  reaction  zone 
proceaaea,  how  compreaaion  of  the  exploeive  can  affect  detonation 
euffieiently  to  cauae  failure,  and  auggeata  a  method  of  calculating 
failure  diametera. 


INTRODUCTION 

Conditlonf  can  occur  during  shotilring  in 
mines  in  which  detonation  products  flrom  early 
shots  in  a  delay  round  can  pressurize,  com¬ 
press,  and  desensitize  charges  of  later  shots, 
Desensitization  has  become  more  important  in 
recent  years  because  the  increased  safety  in 
gassy  mines  of  weak  mining  safety  explosives 
has  been  obtained  by  reductions  in  strength 
and  sensitizer  content. 

This  paper  discusses  and  interprets  X-ray 
photographs  of  freely  suspended  detonating 
cartridges  of  weak  mining  safety  explosive  of 
different  diameters  and  densities,  and  outlines 
the  methods  used  to  obtain  from  them 
information  concerning  densities  and  pres¬ 
sures  in  detonation  waves.  This  experi¬ 
mentally  obtained  Information  is  used  to 
devise  a  model  of  detonation  in  near  failure 
conditions.  The  model  is  used  to  explain  the 
desensitizing  effects  of  increasing  density,  and 
for  attempting  a  quantitative  analysis  of 
conditions  in  which  detonation  Just  fails  in 
these  types  of  explosives. 

COMPOSITIONS  AND 
CHARACTERISTICS  OP 
SAFETY  EXPLOSIVES 

Weak  mining  safety  explosives  are  mostly 
sensitized  by  about  ten  percent  by  weight  of 
mixtures  of  nitroglycerine  and  ethylene  glycol 


dinitrate.  Proportions  of  ethylene  glycol 
dlnitrate  in  some  mixtures  vary  between 
twenty  and  eight  percent  of  the  total.  About 
eighty  percent  by  weight  of  these  explosives 
consists  of  finely  divided  inorganic  compounds 
such  as  ammonium  nitrate  and  alkali  metal 
nitrates,  sodium  chloride  as  a  flame  inhibitor, 
and  ammonium  chloride  as  an  ion-exchange 
component.  The  remainder  consists  of  fuels, 
waterproofing  agents,  and  anti-setting  agents. 

A  substantial  quantity  of  powder 
explosives  is  manufactured  at  densities  in  the 
region  of  1.3  grams/cc.  Component  particle 
sizes  are  such  that  each  gram  of  explosive  will 
have  a  surface  area  in  the  range  of 200  to  about 
COO  sq.  cm. 

The  maximum  densities  that  these 
explosives  can  have,  if  all  the  air  is  expelled,  is 
in  the  range  1.8  to  1.9  grams/cc,  as  calculated 
from  the  densities  and  quantities  of  each 
component  of  the  composition. 

EXPERIMENTAL 

Full  details  of  the  experimental  arrange¬ 
ments  have  been  published.^  Figure  1  shows  a 
typical  arrangement  of  X-ray  source,  explo¬ 
sive  cartridge,  and  photographic  plate. 

The  X-ray  source  was  a  300  kV  type 
730/2710  Field  Emission  Plash  X-ray  System, 
which  is  now  supplied  by  Hewlett-Packard. 
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Figurt  1.  Typical  Arrangement  of  X-Ray 
Source,  Explosive,  and  Photographic  Plate 

Each  cartridge  waa  120  mm  long.  The 
cartridge  diameters  were  18, 22, 26,  or  32  mm. 
The  deniities  of  the  cartridges  were  as  received 
from  the  manufacturers,  or  compressed  in  a 
range  up  to  about  86  percent  of  the  voidless 
density  of  the  explosive. 

A  trigger  probe,  which  was  used  to 
initiate  the  X-ray  flash  at  selected  times  after 
the  detonation  wave  reached  it,  was  always 
inserted  in  the  cartridge  10  mm  from  the  base 
charge  of  the  detonator. 

A  calibration  stepwedge  was  made  by 
pressing  a  known  weight  of  explosive  of  the 
same  composition  as  that  being  investigated 
into  a  mould  designed  to  produce  five  steps 
having  thicknesses  of  one  to  five  centimeters 
and  of  known  density.  This  enabled  optical 
densities  in  the  X-ray  photograph  to  be  related 
to  material  densities. 

DERIVATION  OF  DENSITY 
DISTRIBUTIONS 

Information  concerning  variations  of 
average  density  in  the  detonation  reaction 
cones  of  these  explosives  has  been  obtained 
from  X-ray  flash  photographs  of  unconfined 
detonating  cartridges  of  different  diameters 
and  densities.^  The  photographs  were  digitised 
and  then  processed  using  a  microcomputer. 


The  average  densities  obtained  are  values  of 
the  integral  of  density  with  respect  to  distance 
through  the  explosive  divided  by  the  length  of 
the  path  over  which  the  integration  is  made. 

DENSITY  VARIATIONS, 
PRESSURES,  AND  PARTICLE 
VELOCITIES 

X-ray  photographs  have  confirmed  that 
in  these  low  velocity  detonations,  wavefronts 
are  curved.  Density  increases  in  the  reaction 
sone  at  the  charge  axis  are  commonly  only  10  to 
20  percent  of  the  initial  density  of  the  explo¬ 
sive,  and  mostly  considerably  leas  than  void¬ 
less.  Densities  in  planes  perpendicular  to  the 
charge  axis  are  approximately  constant,  but  as 
distance  behind  the  wavefront  increases,  densi¬ 
ties  reduce  in  magnitude  as  depicted  in  Figure  2. 


Figure  2.  Density  Distributions  in  the  Reaction 
Zones  of  Detonating  Safety  Explosives 


The  pressures  calculated  on  the  basis  of 
the  observed  density  increases  and  detonation 
speeds  lie  in  tho  range  0.1  to  1  QPa. 

Some  information  on  the  dynamic 
compression,  without  detonation,  of  weak 
mining  safety  explosives  is  available.^  Explo¬ 
sives  were  submitted  to  tho  compressive  effects 
of  dropping  weights  from  a  height  of  6  meters 
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onto  samplei  contained  in  a  braes  cylinder 
sealed  at  one  end  and  closed  at  the  other  by  a 
piston  that  was  struck  by  a  falling  weight.  If 
it  is  assumed  that  all  the  kinetic  energy  of 
the  falling  weight  goes  into  compressing  the 
explosive,  and  that  the  weight  is  uniformly 
decelerate  as  compression  takes  place,  the 
pressure  can  be  calculated.  Although  not  all 
the  kinetic  energy  of  the  falling  weight  goes 
into  compressing  the  explosive,  and  the 
deceleration  is  not  likely  to  be  uniform,  the 
assumptions  employed  probably  give  a  rea¬ 
sonable  estimate  of  the  applied  pressure. 
Pressures  calculated  on  this  basis  for  a  range  of 
mining  safety  explosives  indicate  that  values 
of  less  than  0.1  QPa  are  required  to  effect 
compressions  in  excess  of  20  percent.  For 
example,  a  typical  explosive  of  initial  density 
1.32  ^cc  underwent  a  compression  of  27  per¬ 
cent  with  an  estimated  pressure  of  0.086  QPa. 
Another  explosive  of  initial  density  0.94  g/cc 
underwent  a  compression  of  43  percent  with  an 
estimated  pressure  of  0.06  QPa. 

The  differences  between  the  pressures 
reached  in  dynamic  compression  without  deto¬ 
nation,  and  during  detonation  must  arise  from 
the  fact  that  in  one  ease  there  is  no  noticeable 
reaction,  and  in  the  other  there  is  very  notice¬ 
able  reaction.  It  seems  that  in  the  detonation 
reaction  zone,  chemical  reaction  causes  lower 
densities  by  preventing  grains  of  explosive 
from  compacting  to  the  extent  to  which,  in  the 
absence  of  reaction,  they  should  at  the  pres¬ 
sures  reached.  The  implication  of  this  is  that 
reaction  is  initiated  very  quickly  at  the  wave- 
front  as  a  result  of  particles  colliding  violently. 

Fur  those  explosives  for  which  the  pres¬ 
sures  attained  at  the  detonation  wavefront  are 
less  than  those  required  to  exceed  the  mechan¬ 
ical  strength  of  the  grains  in  the  reaction  zone, 
the  wavefront  region  probably  extends  over  a 
distance  of  about  a  typical  average  explosive 
particle  width.  The  likoly  width  of  the  wave- 
front  region,  when  flow  is  not  particulate,  is 
not  clear,  but  will  probably  be  smaller. 

PARTICLE  COLLISIONS 

High  speed  impacts  between  particles  of 
explosives  can  cause  effects  which  include 
sudden  pressure  increases,  chemical  reaction, 
intense  friction,  cracking  into  smaller  pieces. 


melting,  compression,  deformation,  and 
vibration. 

Where  particles  are  initially  in  contact  in 
the  explosives,  and  particulate  flow  occurs, 
there  are  increases  in  pressure.  Hot  spots  form 
at  points  where  surface  asperities  rub  together 
during  the  compaction  process.  The  tempera¬ 
tures  achieved  at  points  of  rubbing  contact 
depend  on  the  melUng  points  of  the  particles 
and  the  applied  pressure.  In  general,  melting 
temperatures  are  raised  by  pressure,  and  at 
pressures  up  to  one  QPa,  such  as  occur  in 
mining  safety  explosives,  the  melting  tempera¬ 
ture  could  exceed  that  at  which  rapid  reaction 
of  the  explosive  can  occur;  then  intergranular 
friction  could  be  sufficient  to  initiate  rapid 
reaction  without  melting.  This  suggests  that 
pressure  must  be  applied  to  initiate  detona¬ 
tion,  and  this  is  eonflmed  by  earlier  studies.^ 
Other  effects  such  as  compression,  vibration 
and  dieintegration,  are  probably  not  by  com¬ 
parison  with  friction  Iao  important  in  the 
processes  leading  to  the  initiation  of  reaction. 
The  possible  formation  of  fast  moving 
sensitizer  particles  is  discussed  later. 

Approximate  values  of  the  times  required 
to  achieve  maximum  compression  in  the  vicin¬ 
ity  of  the  wavefront  at  the  charge  axis  in  weak 
mining  safety  explosives  have  been  obtained. 
An  average  distance  through  v/hieh  an  average 
particle  of  explosive  moves  in  the  compaction 
process  was  estimated  by  assuming  there  are 
as  many  gas  spaces  as  particles  in  the  explo¬ 
sive.  Then,  further  assuming  that  each  particle 
moves  at  a  constant  speed,  which  can  be 
calculated  from  plane  wave  hydrodynamic 
theory,  the  compaction  time,  as  shown  in 
Appendix  1,  can  be  written  as  4.r.dv/(3.do.D); 
where  r  is  a  representative  average  particle 
radius,  D  is  the  detonation  velocity,  dy  is  the 
voidless  density,  and  do  the  initial  density. 
Using  typical  values  for  mining  safety 
explosives;  vis.  0  =  1800  meters/second, 
r=100  microns,  dv  =  l.86  grams/cc,  and  do= 
1.3  grams/cc,  a  value  of  compression  time  of 
about  10''^  seconds  is  obtained.  This  is  clearly 
of  the  right  order  of  magnitude,  and  illustrates 
the  speed  of  the  process. 

At  maximum  compression  when  the 
explosive’s  density  is  less  than  voidless,  the 
interstices  in  the  explosive  must  be  filled  with 


1363 


gas  at  a  pressure  suffleient  to  prevent  fUrther 
eompression  taking  place.  This  gas  is 
generated  by  the  reaction  of  one  of  the 
components  oHhe  explosive,  which  in  this  case 
is  the  sensitizer,  because  it  reacts  much  more 
rapidly  than  the  other  components.  An 
approximate  value  for  the  extent  of  reaction  of 
the  sensitizer  of  26  percent  was  estimated  by 
calculating  the  quantity  of  sensitizer  required 
to  fill  the  explosive's  interstices  with  fully 
oxidized  gases  at  the  sensitizer  explosion  tem¬ 
perature,  and  a  typical  pressure  of  0.4  QPa. 

THE  RELATIONSHIP  BETWEEN 
PARTICLE  AND  WAVE  SPEEDS 

In  the  vicinity  of  the  detonation 
wavefront  and  when  the  mechanical  strength 
of  the  explosive's  grains  is  not  exceeded,  high 
speed  reacting  particles  continually  collide 
with  stationary  particles  ahead  of  them.  The 
speed  of  the  reacting  particles  is  considerably 
less  than  that  of  the  wavefront.  The  reason  for 
this  appears  to  lie  in  the  relationship  between 
the  sizes  of  the  particles,  the  distances  between 
them,  the  velocities  imparted  to  them,  and  the 
eompression  to  which  they  are  subjected.  A 
simple  demonstration  of  this  can  be  made  by 
considering  the  following  idealised  situation. 

A  series  ofdiscs  of  thickness,  b,  are  spaced 
a  distance,  a,  apart  as  shown  in  Figure  3.  If 
disc  A  is  instantaneously  imparted  a  velocity 
U,  then  it  will  take  a  time  a/U  to  move  a 
dista  Tice  a.  When  disc  A  contacts  disc  B,  it  also  is 
assumed  to  be  instantaneously  accelerated  to  a 
velocity  U.  However,  the  distance  of  the  sur¬ 
face  from  the  point  at  which  disc  A  started 
moving  is  now  a  -I-  b,  whereas  the  time  required 
for  this  surface  to  start  moving  is  a/U.  This 
process,  if  continued,  would  produce  a  wave  of 
motion  moving  faster  than  each  disc  with  a 
velocity  given  by  the  expression  U.(l  +  b/a). 
Writing  the  ratio  b/a  in  terms  of  do>  the  Initial 
density  of  the  spaced  out  collection  of  discs,  and 
do,  the  density  of  the  discs  when  pushed 
together,  gives  for  the  wave  velocity  the  expres¬ 
sion  U/(l-do/dc).  It  is  evident  that  the  expres¬ 
sion  obtained  is  of  the  same  form  as  that  which 
is  obtained  on  taking  a  mass  balance  for  a 
detonation  wave.  However,  the  method  of  deri¬ 
vation  emphasizes  the  collisional  nature  of  the 
process.  InthecaBeofparticuiateflow,itis  easy 
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I  I 

b  j  b  b 

J —  J — 

QO'tJ 

Surface  A  is  Imparted  a  velocity  U  instantaneously 

Figure  3.  Diagram  for  Relating  Wave  to 
Particle  Velocities  in  an  Idealised  Situation 


to  understand  how  the  wave  arises  as  a  con¬ 
tinuous  "knocking-on"  between  explosive  parti¬ 
cles,  somewhat  like  a  set  of  simply  coupled 
boxcars  being  struck  at  one  end  by  a  locomotive. 


WAVEFRONT  CURVATURE 


Detonation  wavefronts  tend  to  become 
more  curved  as  conditions  for  detonation 
failure  are  approached.  In  near  failure 
conditions  the  detonation  wavefront  becomes 
highly  curved,  and  flow  divergence  is  reduced 
to  such  an  extent  that  the  flow  behind  the 
wavefront  is  almost  plane. 


A  typical  wave  near  to  failure  is  shown  in 
Figure  4.  The  divergence  of  the  flow  behind 
the  reaction  zone  can  be  seen  to  be  quite  small. 
Small  divergence  of  flow 
behind  the  reaction  zone 


Figure  4,  X-Ray  Photograph  of  a  Highly 
Curved  Detonation  Wavefhont 


Some  wavefronts  have  a  shape  that  is 
almost  symmetrical  about  the  charge  axis,  but 
many  are  not,  and  some  are  quite  skew  or  have 
odd  shapes  as  can  be  seen  in  Figure  5. 
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Detonator  remnante  Position  of  Irregulailty 

Figure  6,  X-Ray  Photograph  of  an  Oddly 
Shaped  Detonation  Waue front 


Waveshapee  cannot  be  described  in 
simple  terms  b^ause  they  are  the  result  of  a 
complex  interaction  between  reaction  rates, 
flow  conditions,  and  the  initial  condition  of  the 
explosive.  Thus,  waves  will  tend  to  assume 
different  shapes  depending  on  the  precise 
conditions  pertaining  at  any  instant  during 
detonation, 

A  SUMMARY  OF  THE  MAIN 
FEATURES  OF  THE 
DETONATION  MODEL 


The  variations  in  waveshapes  are 
thought  to  arise  from  variatloniii  in  the 
distribution  of  the  sensitizer,  and  its  burning 
surface  area,  over  a  cross-section  of  a  cartridge. 
The  angle  which  a  wavefront  can  make  with  a 
cartridge  periphery  cannot  be  less  than  or 
equal  to  46  degrees  because,  as  shown  in 
Appendix  B,  there  would  be  no  compression, 
and  the  flow  would  not  be  divergent.  The 
shapes  of  some  waveft^nts  can  be  represented 
by  a  curve  based  on  a  parabola. 

THE  SHAPE  OF  THE  REACTION 
ZONE 

The  position  of  the  back  of  the  reaction 
zone,  as  assessed  fl'om  discontinuities  in  plots 
of  density  versus  distance  behind  the  wave- 
front,  lies  approximately  in  a  plane  perpen¬ 
dicular  to  the  charge  axis,  and  cutting  the 
charge  periphery  where  the  wavefront  appears 
to  meet  it.  Thus,  the  reaction  zone  has  a  shape 
that  approximates  that  of  a  plano-convex  lens. 

Wave  curvature  at  the  charge  periphery 
is  associated  with  material  loss  from  the  reac¬ 
tion  zone  which  occurs  by  both  lateral  and 
radial  expansion  of  the  detonation  products. 
When  explosive  is  reacting  rapidly,  peripheral 
wave  curvature  appears  small  and  tends  to  be 
restricted  to  extreme  peripheral  regions. 
Radial  pressure  gradients  in  the  reaction  zone 
induce  radial  transfers  of  detonating  explosive. 
Diameter  reductions  increase  the  importance 
of  radial  losses,  and  cause  pressure  gradients 
to  increase  and  penetrate  deeper  into  the 
reaction  zone.  This  leads  to  an  overall  reduc¬ 
tion  of  pressures  and  reaction  rates,  and  an 
extension  of  wave  curvature  to  affect  a  greater 
proportion  of  the  wavefront. 


The  observed  reaction  zone  pressures  are 
probably  insufficient  to  exceed  the  mechanical 
strength  of  at  least  some  of  the  granular  corn- 
ponents  of  the  explosive,  and  so  flow  in  the 
reaction  zone  is  likely  to  be  essentially  parti¬ 
culate.  The  sudden  compaction  that  occurs  at 
the  wavefront  arises  from  the  continuous 
collision  of  detonating  particles  with  undeto¬ 
nated  explosive.  The  collision  processes  cause 
substantial  intergranular  fl'iction,  and  may  also 
create  many  fast  moving  sensitizer  droplets,^ 
which  impinge  on  adjacent  sensitizer-coated 
surfaces  in  the  explosive  as  depicted  in  Fig¬ 
ure  6.  This  may  contribute  to  the  ignition  of 
BEFORE  MOTION  IS  IMPARTED  TO  PARTICLE  A 


Sansltiaer  at  point  of  contact 
AFTER  MOTION  IS  IMPARTED  TO  PARTICLE  A 


Motion  Imparted  In 
this  direction 


Sensltlser  droplets 
Impinging  on  an 
adjacent  surface 


Figure  6.  The  Formation  of  Fast  Moving 
Senaituer  Dropletn 
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much  of  the  sensitieer  surface  in  under  a 
microsecond.  This  seems  to  indicate  that  the 
wavefront  region  is  likely  to  be  about  as  wide 
as  a  typical  particle  of  explosive,  and  that  some 
reaction  of  the  sensitixer  takes  place  during 
the  compaction  process.  Rapid  reaction  of  the 
sensitiser  in  the  wavefront  region  prevents 
densities  increasing  to  at  least  voidless  by 
filling  the  pores  with  high  pressure  gases. 

The  sensitiser  layer  burns  erosively  and  is 
almost  fully  reacted  at  the  end  of  the  reaction 
sone  at  the  charge  axis,  although  this  may  not 
be  the  case  for  oiT-axis  positions.  Some  break> 
age  of  the  crystalline  components  of  the  explo  ¬ 
sive  is  also  expected,  arising  from  the  frictional 
processes.  Secondary  components  of  the  explo¬ 
sives  are  thought  not  to  contributo  significantly 
to  the  support  of  the  detonation  wave  because 
they  react  too  slowly  in  relation  to  the  sensitiser. 

EFFECTS  OF  COMPRESSION 

When  these  types  of  explosives  are  slowly 
compressed  in  a  press  to  a  higher  density  than 
normal,  the  distances  between  constituent  par¬ 
ticles  are  reduced.  In  addition,  the  sensitiser 
must  be  gradually  squeesed  from  between 
particles  to  form  globules  in  the  interstices  as 
shown  in  Figure  7,  Increasing  the  density  of 
the  explosives  causes  effects  which  include: 
reduction  of  the  overall  reaction  rate  by 
reducing  the  area  of  sensitiser  available  for 
erosive  burning,  reduction  of  the  extent  of 
frictional  Ignition,  and  reduction  of  the 
impulsive  formation  of  sensitiser  droplets  so 
that  thore  are  fewer  of  them  leading  to  less 
effective  ignition.  Together  these  processes 
reduce  the  ability  of  the  explosive  sensitiser  to 
begin  reacting  and  then  to  burn  at  a  sufficient 
rate  to  support  a  detonation  wave. 

MECHANISM  OF  DETONATION 
FAILURE 

When  a  detonation  wave  is  established  in 
a  cartridge  of  explosive  of  uniform  density, 
diameter  and  sensitiser  distribution,  there  is 
no  reason  for  failure  to  occur.  However,  when  a 
wave  is  travelling  into  explosive  of  increasing 
density  and/or  reducing  diameter  it  will  fail 
when  the  diameter  becomes  too  small  and/or 
the  density  becomes  too  large.  When  circum¬ 
stances  are  such  that  detonation  failure  is 


BEFORE  COMPRESSION 


Sensitiser  distributed 
as  a  uniform  layer 


AFTER  COMPRESSION 


Dots  indicate 
formation  of  globules 
of  sensitiser 


Figwrt  7.  Formation  ofSonsitiMer  Qlobulet  in 
Comprtaoed  Saflety  Exploaiuea 


Imminent  only  minor  changes  in  conditions 
could  lead  to  the  failure  process  being 
initiated. 

The  detonation  failure  process  is  unlikely 
to  be  instantaneous  since  pressures  and  hence 
reaction  rates  are  higher  at  the  axis  than  the 
periphery  of  the  charge,  and  so  failure  should 
take  place  from  the  periphery  inwards.  This 
may  mean  that  during  the  course  of  failing, 
unstable  waves  having  wavefronts  of  an 
apparently  higher  curvature  than  expected 
may  be  observed. 

When  failure  occurs,  the  explosive  par¬ 
ticles  at  the  wavefront  are  still  moving  in  the 
direction  of  the  wave  and  slam  into  unde¬ 
tonated  explosive  with  a  force  that  is  sufficient 
to  compact  it  to  near  voidless  density.  This  com¬ 
pacted  explosive  is  subsequently  dispersed,  but 
because  it  is  relatively  dense  it  appears  on 
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iciagrami  taken  shortly  after  failure  as 
accretions  of  dense  material  in  the  flow,  as  can 
be  seen  in  Figure  8,  The  appearance  of 
sciagrams  of  cartridges  that  have  stopped 
detonating  is  characteristically  different  ffom 
those  that  are  detonating,  as  can  be  seen  by 
comparing  Figures  4  and  8. 

A  POSSIBLE  METHOD  OF 
ESTIMATING  DETONATION 
FAILURE  DIAMETERS 

When  detonation  failure  is  imminent, 
experimental  evidence  indicates  that  the 
wavefront  is  approximately  parabolic  in  shape, 
and  appears  to  meet  the  charge  periphery  at 
very  nearly  46  degrees.  From  this,  and  the 
geometry  of  a  parabola  that  is  symmetrical 
about  the  charge  axis,  It  can  be  shown  that  the 
axial  reaction  sone  length  should  be  about  a 
quarter  of  the  length  of  the  charge  diameter. 
Flow  divergence  behind  highly  curved  detona¬ 
tion  wavefronts  is  very  small,  and  so  approxi¬ 
mate  estimates  of  axial  reaction  zone  lengths, 
and  hence  failure  diameters,  might  be  made  by 
applying  plane  wave  detonation  theory, 
although  some  allowance  for  reaction  in  the 
wavefront  region  might  also  be  necessary. 

APPENDIX  A 

Eatlmation  of  the  Time  Required  to 
Achieve  Maximum  Compression  in  the 
Vicinity  of  the  Wavefront 

Tho  volume  of  gas  in  one  gram  of 
explosive  is  given  by; 

V  =  1/d  -1/d  (A-1) 

0  V 

Where  do  is  initial  density  and  dy  is  voidless 
density.  The  change  In  gas  volume  on 
changing  the  density  from  dg  to  the  compressed 
density  dg  is  Dy  where; 

D  =l/d  -1/d  .  (A-2) 

vac 

If  there  are  n  grains  of  explosive  of 
typical  average  radius  r  in  each  gram  of 
explosive,  then  the  value  of  n  is; 

n  =  3/(4.n.r®.d^)  .  (A-3) 

If  it  is  assumed  that  there  are  as  many 
gas  spaces  as  particles  in  the  explosive,  then 


Detonator  remnants 


Accretions  of  undetonated  explosives  .  > 

Figure  8,  X-Ray  Photograph  of  a  Failed 
Detonation  Wave  Showing  Aecretione  ofDenee 
Material  in  the  Flow 

the  change  in  volume  of  each  gas  space  on 
changing  density  from  dj,  to  dg  is  Vg  where: 

=  4.n.r’*.d^.(d^  -  d^ViS.d^.d^)  (A-4) 

If  the  average  cross-sectional  area  of  a 
particle  is  a,  and  s  is  the  distance  moved  to 
effect  the  volume  change  then: 

s=V^u  (A-6) 

If  it  is  now  assumed  that  the  closing 

movement  takes  place  at  a  constant  velocity  of 
U,  where  U  can  be  written  from  detonation 
theory  as; 

U  =  D.(d^  -  d^Vd^  (A-6) 

and  T  la  the  time  taken  for  the  compaction 
process  to  occur,  then  Equations  (A-4),  (A-6), 
and  (A-6)  lead  to: 

T  =  4.r.d /(3.d  .D)  (A-7) 

V  0 

APPENDIX  B 

Flow  Divergence  Behind  a  Curved 
Detonation  Wave  in  a  Cylindrical 
Cartridge  of  Explosive 

The  divergence  of  flow  at  any  given 
point  behind  a  moving  curved  detonation 
wavefront  in  a  cyllndraicai  cartridge  of 
explosive  can  be  evaluated  in  terms  of  the 
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compressed  density  of  the  particle,  and  the 
initial  density  of  the  explosive. 

Figure  9  shows  a  particle  immediately 
behind  the  wavefiront  having  a  velocity  V,  and 
travelling  in  a  direction  AB,  while  the 
wavefiront  is  travelling  in  the  direction  AC 
parallel  to  the  axis  of  the  cartridge.  If  the  time 
required  for  the  wavefiront  to  move  from  A  to  C 
is  dt,  where  dt  is  vanishingly  small,  then  the 
distance  moved  by  the  wavefront  along  AC  is 
Ddt,  and  the  distance  moved  by  the  particle 
along  AB  is  Vdt.  Applying  the  sine  rule  to 
triangle  ABC  gives: 

V.SindSO  >  Q  ~  Q)  s  D.Sln(Q)  (B-1) 

where  Q  is  the  angle  between  sides  AC  and  BC 
and  is  a  measure  of  the  divorgence  of  the  flow, 
and  Q  is  the  angle  between  the  charge  axis  and 
the  normal  to  the  wavefront  at  point  A.  V  is 
obtained  by  treating  the  wavefront  as  a 
connected  set  of  small  plane  oblique  shook 
waves,  and  applying  maos  momentum  and 
energy  balances  to  each  as  described  by 
Shapiro.^  V  can  be  expressed  as; 

V  =  D.(l  -  d^/d^).Coi(Q)  (B.2) 

where  do  is  the  initial  density  of  the  explosive, 
and  do  is  the  compressed  density  at  point  A  of 
Figure  9. 

Equations  (B-1)  and  (B-2)  give: 

Tan(G) = (d^  -  d  J.Tan(QV(d^ + d^.Tan=*(Q)) 

(B-3) 

For  constant  values  of  do  and  d,  the 
value  of  Q  reaches  a  maximum  value,  Om  when 
Q  reaches  a  value,  Qm,  such  that; 

Tan(Q„)  =  (d /d  (B-4) 

m  0  0 

and 

Tan(G  J  =  (d /d„  -  1  ).Tan(Q  V2  (B-6) 

tn  0  0  m 

It  is  clear  from  equation  (B-4)  that  Qm 
cannot  have  a  value  greater  than  46  degrees, 
because  for  detonation  to  occur  do  must  be 
greater  than  do.  Also  Equation  (B-6)  indicates 
that  in  conditions  in  which  values  of  do 


Figun  9,  Diagram  For  Calculating  Flow 
Divergence  Behind  a  Curved  Detonation 
Wavefront 

approach  values  of  do,  such  as  when  detonation 
is  near  to  failure  the  value  of  Q,  the  angle  of 
divergence,  approaches  xero;  that  is  the  flow  is 
almost  plane. 
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EXPERIMENTAL  STUDIES  ON  THE  DETONATION  OP  AN 
EXPLOSIVE  BY  MULTI-POINT  INITIATION 


Yu  Jun,  Fu  Xinghai,  and  Zhang  Guanran 
South Institute  of  Fluid  Physios 
P.O.  Box  823,  Chengdu,  CHINA 


This  paper  describes  the  experimental  studies  on  the  problem  of  multi- 
point  initiation  of  detonation  of  an  explosive  slab.  By  means  of  flash 
gaps  method,  we  obtained  the  shape  of  a  flyer  driving  by  the  plane 
explosive  and  its  veioeity  distribution.  Through  analysis  of  its  average 
velocity,  we  conclude  that  there  is  a  loss  of  energy  for  multi-point 
initiation  while  comparing  with  the  full  surface  initiation. 


INTRODUCTION 

Multi'point  initiation  of  detonation  is  a 
general  method  for  obtaining  surface  Initiation 
of  explosives,  References  1  and  2  are  studies  of 
the  total  time  from  multi-point  Initiation  of  a 
plane  explosive,  and  the  flying  time  of  a  flyer 
driven  by  the  explosive  by  the  method  of  flber- 
optical  pins.  In  this  paper,  we  used  the  Hash 
gaps  method  and  a  method  of  analysis  to  treat 
tho  experimental  data,  obtain  the  shape  of  the 
flyer,  and  the  velocity  distribution  of  the  flyer 
under  various  thicknesses  of  the  explosive. 
Then  the  average  kinetic  energy  of  the  flyer 
was  obtained.  Obviously,  this  energy  is  the 
effective  energy  of  the  explosive  Imparted  to 
the  flyer. 

EXPERIMENTAL  METHOD  AND 
DATA  TREATMENT 

The  experimental  setup  Is  shown  In 
Figure  1;  Line  MM'  Is  the  slit  for  the  high¬ 
speed  camera.  A  layer  of  Ba(NOs),  powder  is 
pasted  on  the  surface  of  the  flyer  to  give  the 
initial  light  signal  when  the  shock  passes 
through  it.  Two  successive  air  gaps  can  give 
two  successive  wave  forms  of  the  shock  at  two 
different  places  in  the  target.  The  thickness  of 
the  explosive  il  are  20  mm,  30  mm,  40  mm,  and 
60  mm,  respectively.  The  Hying  distance  of  the 
Hyer  keeps  constant  as  36  mm.  A  typical 
photograph  of  the  high-speed  camera  is  shown 
in  Figure  2.  In  order  to  prove  the  reliability  of 
the  method  of  our  treatment  of  tho 


Figure  1,  Schematic  Diagram  of  Experimental 
Setup  (Above:  Experimental  Setup;  Below; 
Distribution  of  Multi-Point  Initiation) 

experimental  data,  wo  used  a  one-point 
initiation  of  the  explosive  to  drive  a  flyer  and 
measured  the  shape  of  the  flyer  by  flash  X-ray 
photographic  method  and  the  pressure  with 
Manganin  gauges  in  the  target,  then  compared 
them  with  the  treated  results. 

Method  of  Experimental  Data  Treatment 

We  suppose;  (1)  Neglect  the  attenuation 
of  the  shock  wave  between  the  two  air  gaps  in 
the  target;  (2)  The  velocity  of  the  shock  wave  in 
the  target  is  perpendicular  to  the  wave  front; 
and  (3)  Neglect  the  attenuation  of  the  velocity 
of  the  flyer  during  impact. 
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Figure  2.  Photographs  of  the  Shock  Waoe  Form  of  One-Point  Initiation  ( Above)  and  Multi-Point 
Initiation  (Below) 


Determination  of  the  Shook  Wave  Kront^ 

In  Figiiro  3,  the  shock  wave  furni  ia  two- 
dimensional;  we  drew  a  broken  lino  AS  to 
replace  the  curved  f rent  AQ,  so  the  curved  shock 
wave  could  be  treated  as  a  scries  of  plane  shock 
waves. 

Thus,  the  locul  shock  velocity  1)2  and  its 
angle  of  Inclination  p  at  point  A  could  bo 
determined  by  the  following  formula; 

1)2  -.^Slnp 

-  ‘a 

CobP  =  D2(tg-t^)/hjj  (1) 


Taking  AX  as  small  as  possible,  then  we 
got  tiie  all  parameters  of  the  shock  wave, 

Determination  of  the  Flyer  at  the  Instant  of 
Impact^ 

See  jFigure  4;  by  boundary  conditions  of 
the  flyer  and  the  target,  we  could  get  the 
t  elations  of  the  flyer  and  the  shook  wave  in  the 
target  by  following; 

Col  +  ~  Wctg0Sin(a  +  0) 

(Col  +  ki U 1  )lg(a  +  0-ci)  a 
IC„i-(\i  l)UiIlg(Q  +  0) 

Pi  =  Pol  Ui(Coi  +  ^»iUi) 

D2  =  WSin  p/Sin  0 
D2tg(p-eji)  =  (Dij-U2)tgP 
Pa  =  Po2  U-iDa 


Pi  ^  P:i 


B  =  Cl  +  C2  (2) 

Where  C,,!.  X|,  Poi  are  the  sound  speed; 
proportional  constant  In  D,U  linear  relation; 
and  donoity  of  the  flyer,  respectively;  Co2,  ^2, 
and  po2  are  those  of  the  target;  p,  ci,  C2)  and  a 
are  defined  in  Figure  4;  W  is  the  flyer  velocity; 
und  0  is  itH  impacting  angle.  There  are  eight 
equations  and  ton  unknowns,  if  D2  and  P  were 
gotten  from  KquaMon  (1),  the  system  of  equa- 
lions  would  be  solved. 


Figure  3.  Schematic  Diagram  of  Treatment  of 
the  Curved  Shock  Wave  Front 


Figure  4,  Schematic  Diagram  of  the  Wave 
System  of  the  Flyer  Impacting  with  the  Target 

Aftur  gelling  W  and  0.  thu  ahape  uf  the 
flyer  before  impacting  would  bo  known,  As 
Figure  3,  from  point  to  point,  the  whole  shape 
of  the  flyer  could  be  obtained, 

RESULTS 

The  reaulta  of  one*point  initiation,  both 
treated  by  optical  data  and  moaaured  by  Man- 
ganln  gauges  and  flash  X-rays,  arc  listed  in 
Tables  I  and  2.  They  are  in  good  agreement,  so 
the  reliability  of  uur  method  is  approved. 

Fot  multi  point  Initiation,  the  results 
obtained  from  the  above  method  are  shown  in 
Figures  6  through  7.  We  can  see  that  the  time 
of  flight  of  the  flyer  in  the  air  increases  with  a 
decrease  of  the  explosive.  In  Figure  8,  we  drew 


Table  1 .  Comparing  the  Treated  Pressure  in 
the  Target  with  the  Measured  Pressure 


One-Point  initiation  (H 

=  60  mm) 

R(mm) 

6 

26 

36 

56 

(QPa) 

9.99 

7,60 

6.96 

6,28 

Ptre.(aPa) 

9,42 

7.79 

7.06 

5.93 

the  results  of  flili  surface  initiation  with  one- 
dimensional  calculation  of  the  flyer  in  the 
same  figure  for  comparison.  It  shows  that  their 
dliTerences  decrease  with  an  increase  of  the 
thickness  of  the  explosive  which  means  the 
influence  of  the  multi-point  initiation 
decreases  with  the  increase  of  the  thickness  of 
the  explosive  as  well.  There  exists  an  energy 
loss  in  multi-point  initiation  for  all  cases. 


Figure  5.  Time  of  the  Flyers  Flying  in  Given 
Distance 


Table  2,  Comparing  the  Shape  of  the  Flyer  Treated  by  Optical  Data  With  that  of  the  Flash  X -Pays 


R(mm) 

-43.16 

-38.49 

•33.68 

-28,10 

-21.66 

-4.76 

0 

Yir«,(mm) 

4.14 

3.38 

2.67 

2.03 

1.31 

0.11 

0 

Yxruy(nim) 

4,17 

3.42 

2.77 

2.10 

1.30 

0.07 

R(mm) 

""  8.43 

17.87 

23.19 

28.56  "" 

37.26 

43.44 

Yire.imm) 

0.29 

0.98 

1.43 

2.18 

3.32 

4.26 

Yx-ray 

0.26 

0.98 

1.62 

2.17 

3.27 

4.18 

1362 


Figure  6,  Impaciing  Veloelly  of  the  Flyers 


Figure?.  Shapes  of  the  Flyers 

DISCUSSION 

For  multi  point  Initiation  of  dotonution 
of  0  slab  uxplusivu,  the  initial  detonation 
wavo  form  1b  not  a  piano  but  a  xlg’/ug  wave 
front  with  multi  spherloal  dlvorgont  forms. 
Aftor  intoraction  of  sphorical  waves,  the  wave 


Figures.  MI,W-'HCurves 

front  may  be  flattened  a  little  in  the  explo 
etve,  but  they  Biill  remain  during  flying  in  the 
air.  They  transport  to  the  shock  wave  in  the 
target  as  well.  ^  wo  conclude  that  the  initial 
zigzag  pattern  may  keep  at  least  for  a  long 
distance. 
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This  paper  reports  on  the  detonation  properties  of  two  types  of  explosive 
ftHnns,  The  first  foam  consists  ofPETN  dust  dispersed  evenly  through¬ 
out  a  solid  polyurethane  foam  matrix.  Detonuble  60/40  (weight  per¬ 
cent)  PETN/polyurethane  foams  with  densities  between  O.lBandO,?  g/cc 
have  been  produced.  The  detonation  velocities  range  from  1 .5  to  3.0  km/s 
with  corresponding  pressures  between  20  bar  and  20  kbar  The  second 
foam  consists  of  liquid  nitromethane  that  has  been  mixed  with  liquid 
surfactants  and  gassing  agents.  This  foam  has  a  consistency  similar  to 
shaving  cream,  with  densities  ft-om  0,07  to  0,7  g/cc,  The  detonation 
velocities  range  from  1,8  to  4,4  km/s  with  corresponding  pressures 
between  20  bar  and  30  kbur.  Detonation  properties  reported  for  each 
type  of  foam  include  detonability  limits  and  theoretical/experimental 
detonation  velocities  and  pressures  as  a  /Unction  of  density. 


INTRODUCTION 

The  delonalion  properlioB  of  Bulid  high 
density  (^1.0  g/cc)  exploaivoa  have  been 
extensively  Investigated.  These  types  of 
explosives  have  detonation  pressures  of  several 
hundred  kbur  and  detonation  velocities  up  to 
9  km/s.  At  the  other  end  of  the  spectrum  are 
fuel-uir  (or  fuei-nxygen)  explosives  whose 
detonation  pressures  arc  loss  than  20  bur 
(60  bar)  with  detonation  velocities  less  than 
2  km/s  (3  km/s).  Explosive  systems  covering 
the  entire  range  of  detonation  velocities  and 
pressures  between  these  two  extremes  are 
theoretically  possible,  but  only  a  few  such 
systems  have  been  studied  exporimontully. 


*  Person  to  whom  correspondence  should  be 
addressed. 


The  most  straightforward  method  of 
varying  the  detonation  pressure  and  velocity  is 
to  vary  the  density  of  high  explosive  loading. 
Tulis^  has  shown  that  clouds  of  high  explosive 
dusts  dispersed  into  air  cun  produce  detonation 
pressures  (100  bar)  well  in  excess  of  those 
obtained  in  fuel-air  or  fuel-oxygen  systems. 

A  potentially  more  effective  method  of 
producing  explosive  systems  with  low  loading 
densities  and  uniform  detonation  properties  is 
to  disperse  the  high  explosive  in  a  high  poros¬ 
ity  foam  matrix.  An  alternative  method  is  to 
produce  an  explosive  foam  using  a  liquid  explo¬ 
sive.  This  paper  presents  the  results  of  an  inves¬ 
tigation  of  the  detonation  properties  of  two 
types  of  explosive  foams:  PETN  dispersed  in  a 
polyurethane  foam  matrix,  and  nitromethane- 
based  explosive  foams.  Detonation  properties 
reported  for  each  type  of  foam  include  doto- 
nubility  limits,  and  theoreticul/expurimental 
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detonation  velocities  and  pressures  as  a 
function  of  density. 

EXPLOSIVE  FOAMS 

Detonabie  foams  consisting  of  an  open- 
coil  structure  urothane  matrix  Impregnated 
with  PETN  wore  produced  by  Maknmaski  and 
Darling.'^  The  explosive  loading  density  of 
these  foams  was  approximately  0.46  g/cc. 

Tulls  et  al.^  have  investigated  the 
feasibility  of  low  explosive  density  detonation. 
An  open-colled  matrix,  either  ethyl  cellulose  or 
glass  wool,  contained  50-60  percent  PETN  with 
a  density  of  approximately  0.1  g/cc.  These 
explosive  formulations  failed  to  detonate. 
Earlier  research  by  Austlng  and  Tulis^'^  using 
explosive  dispersed  in  polyurethane  foams  had 
established  the  potential  dotonability  of  these 
low  density  systems. 

Xueguo^  has  examined  the  detonation 
characteristics  of  PETN/polyurethane  foam. 
PETN  concentrations  were  40  or  60  percent  by 
weight,  with  foam  densities  ranging  from 
0,30  g/cc  to  0.90  g/cc.  The  minimum  PETN 
density  for  steady  detonation  was  0.27  g/cc. 
The  charge  diameter  was  60  mm  (2.4  inches). 

The  solid  explosive  foam  usud  in  the 
present  investigation  consists  of  a  high 
explosive  component  (PETN)  dispersed  evenly 
throughout  a  polymeric  foam  matrix.  The 
foam  is  produced  from  polyurethanu,  which 
produces  low  density  foams  having  a  uniform 
closed-cell  foam  structure.  This  structure 
helps  prevent  moisture  desenoitization  of  the 
explosive.  The  density  of  the  foam  is  controlled 
through  the  addition  of  water  (0-0.6  percent  by 
weight).  The  PETN  concentration,  unless 
otherwise  specined,  is  60  percent  by  weight  of 
the  explosive  foam.  PETN  particle  size 
averaged  60-70  microns. 

Tho  nltromethane  foam  used  in  the 
present  investigation  is  based  on  aerosol 
technology  and  emulsion  science.  Nitrome- 
thane  is  the  explosive  component,  and 
generally  comprises  78-92  percent  by  weight  of 
the  foam.  This  system  is  an  example  of  a  non- 
aqueoUB  foam.  Although  not  as  thoroughly 
studied  as  aqueous  foams,  non-aqueous  foams 
have  received  increasing  interest  due  to  the 


problem  of  petroleum  refining. It  appears 
that  the  non-aqueous  foam  may  be  stabilized 
by  the  presence  of  a  liquid  crystalline  phase 
formed  at  the  interface  of  the  liquid/gas 
surface. 

Pool^*  had  previously  developed  a  foamed 
liquid  explosive  composition  based  on 
nltromethane  with  added  metal  stearate 
surfactants.  The  liquid  composition  was 
whipped  into  a  semi-stable  foam.  The  foam 
density  was  approximately  0.5  g/ec.  The  foam 
drainage  characteristics  were  rather  poor. 
Alford^^  describes  a  liquid  foamed  explosive 
produced  iVom  an  aerosol-type  container.  The 
foam  is  based  on  an  aqueous  solution  which 
contains  inorganic  nitrates  and  PETN. 

EXPERIMENTAL 

Polyurethane  foams  are  produced  by  the 
exothermic  reaction  between  a  polyol  and 
diisocyanate  which  crosslink  and,  under 
influence  of  a  blowing  agent,  expand  to 
produce  a  cellular  structure.  The  PETN/ 
polyurethane  foam  charges  were  formed  by 
mixing  the  appropriate  amounts  of 
dllsocyanate,  polyol,  and  PETN  to  produce  a 
foam  that  was  60  percent  PETN  by  weight, 
The  density  of  the  foam  was  varied  between 
0. 1  g/cc  and  0.7  g/cc  using  polyols  supplied  by 
the  manufacturer ,  The  polyurethane  system 
has  a  cream  time  of  1 .6  minutes  and  a  rise  time 
of  approximately  2  minutes. 

Foam  density  was  measured  by  cutting  a 
sample  of  the  foam,  weighing  it,  and  then 
determining  the  volume  of  water  displaced  by 
the  foam.  Detonation  velocity  of  the  foam  was 
measured  using  a  continuous  resistance 
probe*^  implanted  in  the  foam  along  the  long 
axis.  Detonation  pressures  of  the  PETN/ 
polyurethane  foamed  explosive  were  measured 
using  the  aquarium  technique  outlined  by 
Cook.*^ 

Nltromethane  foams  were  prepared  by 
dissolving  the  appropriate  amount  of 
surfactant  in  the  nltromethane,  adding  the 
thickening  agent  (and  DETA  if  required),  and 
then  transferring  the  solution  to  a  converted 
lire  extinguisher.  The  desired  amount  of  liquid 
propellant  was  then  added.  The  solution  was 
agitated  for  a  period  of  2  minutes  which 
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ensured  the  generation  of  the  necessary  emul¬ 
sion  for  foam  formation.  Density  measure¬ 
ments  were  conducted  by  weighing  a  known 
volume  of  the  foam,  The  detonation  velocities 
of  the  nitromethane  foams  were  measured 
using  pin-switch  probes. 

Air-gap  sensitivity  tests  on  the  nitrome¬ 
thane  foam  were  conducted  using  5  cm  thick 
X  15  cm  wide  foams.  The  critical  thickness  of 
the  foam  is  less  than  6  cm.  Donor  charges 
were  38  cm  long  and  were  center  initiated  at 
one  end.  Receptor  charges  were  30  cm  long. 
Masking  tape  was  used  to  define  the  borders 
for  these  trials.  A  typical  configuration  is 
illustrated  in  Figure  1 . 

The  thermohydrodynamic  computer  code 
TIQER  was  used  for  the  calculation  of  theo¬ 
retical  detonation  pressures  and  velocities.’^ 
The  code  used  a  modified,  calibrated  HKW 
equation  of  state.  ’ 

All  charges  were  fired  with  a  sero  delay, 
0.8  g  (12  grains)  PETN  Electric  Blasting  Cap 
(hereafter  referred  to  as  EBC).  Some  trials 
used  high  explosive  booster  charges  consisting 
of  Composition  C-4  (91  percent  by  weight 
RDX),  or  military  plastic  explosive  DM12 


(86  percent  by  weight  PETN).  Booster  sizes 
varied  between  3  g  and  50  g. 

RESULTS  AND  DISCUSSION 

PETN/Polyurethane  Foam 

Figures  2  and  0  show  the  detonation 
velocities  and  pressures  as  a  function  of  den¬ 
sity  for  a  60/40  PETN/poiyurethane  foam 
system.  The  theoretical  curves  have  been 
calculated  using  the  thermohydrodynamic 
TIQER  code,  with  a  modified  BKW  equation  of 
state.  Pressures  wore  approximated  using  the 
relationship; 

N  =  (D/I)*)®  =  P/P*  (1 ) 

Here  N  is  the  degree  or  fraction  reacted 
in  the  detonation,  D  is  the  measured  velocity, 
D*  is  the  thermohydrodynamic  velocity  of 
detonation  at  the  same  density,  and  P*  is 
the  thermohydrodynamic  detonation  pressure. 
D*  and  P*  are  calculated  from  TIQER.  The 
above  approximation  is  valid  only  if  the  ratio 
of  particle  velocity  to  detonation  velocity  is 
constant  in  an  explosive  foam  at  a  given 
density.’* 


Figure  I .  Illustration  of  Typical  Charge  Setup  for  Determination  of 
Air-Gap  Sensitivity  of  Nitromethane  Foam 
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Figure  2.  Detonation  Velocity  Veraue  Density 
for  60/40  PETN /Polyurethane  Foam.  The 
curuee  are  calculated  using  the  thermohydro¬ 
dynamic  code  TIGKH  and  a  modified  HKW 
equation  of  state.  Charge  configurations 
included  slabs  and  cylinders 


Figure  3.  Detonation  Pressure  Versus  Density 
for  60/40  PETN /Polyurethane  Foam.  The 
curves  are  calculated  using  the  thermohydro¬ 
dynamic  code  TIGEH  and  a  modified  BKW 
EOS.  Charge  configurations  included  slabs 
and  cylinders 

The  pressureH  measured  with  the  aquar¬ 
ium  technique  (Figure  3)  are  consistently 
higher  than  the  pressures  calculated  from 
Equation  (I).  The  measured  detonation  velo¬ 
cities  from  the  aquarium  technique,  however, 
are  consistent  with  the  detonat.ion  velocities 
measured  for  the  slabs  of  foam.  This  discrep¬ 
ancy  may  be  attributed  to  the  non-ideal 
behavior  of  the  foam,  or  to  tlie  non-validity  of 
Equation  (1).  The  scatter  in  the  experimental 
data  is  likely  due  to  the  variation  in  explosive 
foam  thickness. 


There  are  also  some  questions  concerning 
the  validity  of  the  aquarium  test  for  deter¬ 
mining  the  detonation  pressure  of  low  density 
explosives.  Austing  et  al.^  have  noted  a  prob¬ 
lem  with  impedance  mismatch  for  materials  of 
significantly  different  density.  Tulis  and 
Austing^  have  described  a  system  which  gives 
reasonable  detonation  pressure  values  for  very 
low  density  explosive  systems.  The  method 
utilizes  a  flash  x-ray  system,  and  measurement 
of  the  particle  and  shock  velocities  of  the 
foamed  explosive.  The  use  of  this  method  to 
determine  experimentally  the  detonation  pro¬ 
perties  of  the  PETN/polyurethane  foams  would 
provide  a  check  on  the  experimental  data 
obtained  from  the  aquarium  technique. 

A  series  of  experiments  was  carried  out  to 
determine  the  relationship  between  foam 
thickness  and  the  critical  foam  density  for 
successful  initiation  for  two  different  primer 
strengths.  Figure  4  illustrates  the  critical 
density  for  detonation  propagallon/failure  as  a 
function  of  thickness  for  a  PETN/polyurethane 
foam  slab  15  cm  wide  x  76  cm  long  lying  on  the 
ground  surface.  The  slab  was  initiated  by  a 


Figure  4.  Critical  Thickness  and  Density  of 
60/40  PETN /Polyurethane  Foam.  Initiating 
explosive  was  either  an  KBC  or  an  EBC  plus 
Composition  C-4  booster. 


1367 


single  EBC.  CriUcal  density  drops  sharply 
for  thicknesses  up  to  6  cm;  the  decline  is 
less  rapid  for  thicknesses  between  7.6  cm  and 
10.0  cm.  A  number  of  tests  were  also  con¬ 
ducted  on  end-initiated  thin-walled  cardboard 
tubes  fllled  with  explosive  foam.  The  primer 
was  an  EBC  plus  3  g  of  C-4.  For  tube  inside 
diameters  of  6.1  cm,  7.6  cm,  and  10.2  cm,  the 
critical  densities  were  0.33  ^cc,  0,21  g/cc,  and 
0.24  g/cc,  respectively  (±  0.02  g/cc).  These 
critical  densities  show  the  same  general  trend 
as,  but  are  somewhat  higher  than,  those 
observed  for  foam  slabs  at  the  same  thickness 
(Figure  4).  The  lower  critical  thicknesses 
observed  for  the  foam  slabs  with  lower  primer 
weight  are  likely  due  to  the  conilning  elTect  of 
the  ground  surface. 

Nltromethane  Foam 

It  is  well-known  that  nltromethane  will 
detonate  if  exposed  to  the  proper  conditions  of 
chemical  treatment  and  shock.  The  pure 
organic  liquid  is  relatively  insensitive  to 
detonation,  Addition  of  6-10  percent  of 
ethylene  diamino  (ED)  or  other  related  amire, 
such  as  DETA,  results  in  a  cap-sensitive 
nltromethane  solution  in  which  a  detonation 
will  propagate  reliably,  even  through  small 
and  changing  diameters.  Entrapment  of  air 
bubbles  or  suspension  of  glass  microballuons 
will  also  signiflcantly  increase  the  sensitivity 
of  nltromethane.  A  review  of  developments  In 
nitromothane-based  liquid  explosives  has  been 
published  by  Egly,'^ 

Figures  6  and  6  illustrate  the  dependence 
of  detonation  velocity  and  pressure  on  nitro- 
methane  foam  density.  The  theoretical  curves 
were  calculated  using  the  thormohydro- 
dynamic  code  TIQKU,  The  experimental 
scatter  can  be  attributed  to  the  different 
thicknesses  of  the  foams  and  to  the  range  of 
nltromethane  concentration  (80-90  percent),  it 
is  clear  that  detonation  velocities  and  pres¬ 
sures  of  the  order  of  1 .8  •  4.0  km/s  and  20  bur  • 
30  kbar,  respectively,  can  be  generated  by  this 
foam  system. 

Figure  7  illustrates  the  elToct  of  various 
sensilizers  on  the  criticul  density  of  the  nitro- 
metaane  foam.  It  is  clear  Utui  above  a  density 
oro.2  g/cc  the  addition  of  sensitizers  is  unneces¬ 
sary.  It  should  also  be  noted  that  the  foam  is 
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Figure  5.  Detonation  Velocity  Versus  Density 
for  80-94  Percent  Nitroinethane  Foam. 
Theoretical  curve  calculated  using  the 
thermohydrodynamie  code  TIOEH  and  a 
modified  BKW  EOS, 
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Figure  6.  Detonation  Pressure  Versus  Density 
for  80-94  Percent  Nltromethane  Foam. 
Theoretical  curve  calculated  using  the 
thermoKydtvdynamic  code  TIOEH  and  a 
modified  BKW  EOS. 

cap-sunsitivu  above  a  density  of  0.20  g/cc. 
Below  this  density  unsensitixed  foams  can  be 
detonated  provided  a  suitable  booster  charge 
and  foam  thickness  are  used.  For  example,  a 
layer  of  nltromethane  foam  6  cm  thick,  foam 
density  0.15  g/cc,  can  be  detonated  using  an 
BBC  and  a  booster  charge  of  60  g  C-4  or  DM12. 
As  well,  the  BBC  will  detonate  a  nitro- 
methane  foam  having  a  density  of  0.25  g/cc 
and  a  thickness  of  1 .2  cm.  These  values  can  be 
compared  with  a  criticu!  diameter  of  the  order 
ofO.S  cm  for  chemically  sensitized  liquid  nitro- 
melhano  initiated  w  ith  an  BBC. 
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Figure  7,  Critical  Thlchnese  and  Density 
of80-94  Percent  Nilromelhane  Foum  Slabs. 
The  data  includes  foams  containing  4  percent 
BETA  (weight  percent).  Initiating  explosiue 
was  either  an  EBC  or  an  BBC  plus 
Composition  C-4  booster, 

Figuro  8  outlines  the  dependence  of 
critical  air-gap  on  density  fur  a  6  cm  thick 
layer  of  nltromethane  foam.  The  trials  at  a 
density  of  i.l9  g/cc  used  a  nltromethane  gel 
composed  of  thickener  and  1  percent  micro- 
balloons.  The  microbal  loons  generate  the  tiny 
"hot  spots'*  necessary  to  sensitise  the  foam.  As 
weil,  these  voids  simulate  the  voids  generated 
by  the  gassing  agent  in  the  actual 
nltromethane  foam,  Detonation  velocities  in 
the  receptor  charges  were  recorded  as  a  method 
of  determining  detonation/failure  of  tiie  trial. 
The  dependence  of  critical  gap  on  foam  density 
appears  to  be  linear, 

CONCLUSIONS 

Both  the  PETN/polyurethane  foam  and 
the  nltromethane  foam  demonstrate  the  ability 
to  offer  variable  density  explosive  systems 
which  can  be  adjusted  to  obtain  the  required 
pressures,  Detonable  60/40  (weight  percent) 
PETN/polyurethano  foams  with  densities 
between  0,16  and  0.7  g/cc  have  been  produced. 
The  detonation  velocities  range  from  1.6  to 
3.0  km/s  with  corresponding  pressures  between 
20  bar  and  20  kbar.  The  nltromethane  foum 
has  been  examined  for  densities  from  0.07  to 
0.7  g/cc.  The  detonation  velocities  range  from 
1.8  to  4.4  km/s  with  corresponding  pressures 
between  20  bar  and  30  kbar.  Detonation 
properties  reported  for  each  type  of  foam 
Include  detonability  limits,  and  theoretical/ 
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Figure  8,  Dependence  ofDetonationIFailure  on 
Air ‘Cap  and  Density  for  a  5  cm  Thick  Layer  of 
Nitromethane  Foam 


experimental  detonation  velocities  and 
pressures  as  a  function  of  density. 

Other  research  has  established  the 
feasibility  of  incorporating  a  reactive  polymer 
matrix,  and  of  developing  a  flexible  fbam 
matrix  for  use  in  the  PETN/polyurethane  foam 
system.  As  well,  future  research  has  targeted 
the  use  of  sensitivity  tests  such  as  gap  and 
projectile  impact  tests  to  further  delineate 
useful  parameters  for  these  explosive  systems. 
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Various  applications  of  Fabry-Perot  interferometry  are  described  in 
order  to  show  the  possibilities  of  this  technique  applied  in  the  field  of 
detonics,  First,  usual  tests  in  stecuiy  geometry  demonstrate  and  begin  to 
quantify  the  role  of  aluminum  in  a  composite  explosive.  Then,  three 
other  examples  show  the  possibilities  of  this  technique  in  more  difficult 
experimental  conditions  (with  intrusive  light,  difficult  access,  and 
simultaneous  measurements  in  divergent  geometry). 


INTRODUCTION 

Veloeimetry  with  a  Fabry-Porot  inter* 
farometer  (F.P.I.)  ii  a  technique  increaeingly 
used  in  detonies  and  haa  recently  been  the 
■ubject  of  a  detailed  review  article  by 
McMillan,  at  al.^  Currently  available  artiolei 
on  the  F.P.I.  moat  often  deal  with  their  uae  in 
laboratory  axpariments  such  aa  plate  puah 
teata  or  cylinder  teata.^  In  theae  caaea,  the 
advantage  of  uaing  an  F.P.I.  liea  in  the  wealth 
of  information  contained  in  a  contlnuoua 
velocity  hiatory  compared  with  what  can  be 
obtained  from  claaaical  chronometry,  How¬ 
ever,  the  F.P.I.  alao  makea  it  poaaible  to 
monitor  more  complex  devices  for  which 
claaaical  teehnlquea  are  unsuitable.  Our  pur¬ 
pose  here  is  to  illuatrate  the  advantages  of  this 
technique.  First,  there  la  a  brief  description  of 
the  F.P.I.  used.  The  wealth  of  the  information 
obtained  is  then  illustrated  in  classical 
cylinder  (C.T.)  and  symmetrical  plane  (S.P.T) 
tests  which  make  it  possible  to  study  the 
influence  of  aluminum  on  the  ballistic  proper¬ 
ties  of  an  explosive.  The  last  part  describes 
three  applications  showing  the  scope  of  this 
technique  in  less  usual  tests. 

PRESENTATION  OF  THE  F.P.I. 

The  F.P.I.  used  for  the  tests  discussed 
below  is  outlined  in  Figure  1.  The  target  is 


illuminated  by  an  argon-ion  laser  contin¬ 
uously  providing  about  6  watts. 

The  beam  can  be  transported  by  mirror  or 
by  means  of  an  optic  flber.^  In  the  latter  case,  a 
single  fiber  is  used  for  both  the  outgoing  and 
return  beam.  The  use  of  optic  flbers  for 
transport  greatly  simplifies  the  experimental 
setup,  particularly  in  cases  where  several 
simultaneous  measurements  are  to  be  taken. 

Two  paths  of  analysis  of  the  return  light 
are  available  allowing  two  simultaneous 
recordings  of  velocity  history: 


full  Mlir  fur,.,v$l 


Figure  1.  Description  of  the  F.P.I.  Used  for 
This  Study 
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•  from  the  same  point  on  the  target  with 
two  different  senaitlvitiea  or  time 
resolutions, 

e  fh)m  two  different  points  on  the  target. 

The  recording  of  the  interference  pattern 
is  made  by  means  of  two  electronic  streak 
cameras. 

The  precision  of  the  measurement  and  the 
time  resolution  are  dependent  on  numerous 
parameters  (spacing  of  the  Fabry-Perot,  sweep 
rate,  method  of  analysis,  etc.).  In  the  test 
conditions  used  for  the  following  examples, 
the  velocity  Is  considered  to  be  measured  to 
1.6  percent  and  the  time  resolution  to  be  about 
60  ns  to  100  ns. 

APPLICATION  TO  THE  STUDY 
OF  AN  ALUMINIZED 
COMPOSITION^ 

The  ballistic  capacity  of  an  explosive  is 
generally  measured  in  a  steady  conflguratton, 


ItaiBMium  aUer  Copper 

- iiqp>«a»o  Tfrr 


SYIOIITMCAL  njum  nST  CYUNDin  TEST 

Figure  2,  Layout  of  the  Two  Teete  Ueed  for  the 
Study  of  the  Role  of  Aluminum  in  the  Bailie  tic 
Capacity  of  Exploeivee 


It  is  thereby  possible  to  avoid  taking  into 
account  initiation  conditions  and  to  obtain  a 
characteristic  that  is  intrinsic  to  the  explosive 
tested. 

The  cylinder  test  is  the  best  known  of  this 
type  of  experiment.  For  various  reasons  shown 
in  Reference  6,  we  have  also  developed  a  sym¬ 
metrical  plane  test.  The  geometry  of  these  two 
experiments,  as  used  in  this  work,  is  shown  in 
Figure  2.  Monitored  by  F.P.I.,  these  two  testa 
provide  a  comparative  classification  of  the 
compositions  and  make  it  possible  to  fit  an 
equation  of  state  for  the  detonation  products. 

The  tliree  compositions  in  Table  1  were 
subjected  to  both  tests.  The  velocity  histories 
obtained  are  shown  in  Figure  3. 

A  simple  visual  examination  of  the 
velocity  histories  reveals  the  unusual  behavior 
of  Comp  3  which  continues  to  accelerate  the 
walls  until  the  end  of  the  recordings,  while  the 
velocity  limit  is  iUmost  reached  at  the  end  of 


Figure  3.  Velocity  Hietoriee  Monitored  by  F,PJ, 
for  the  Three  Compoeitione  in  Table  1.  The 
three  upper  curuee  are  for  8PT  and  the  three 
lower  curvee  are  for  CT. 


Table  1.  Characterietice  of  Three  Compoeitione  Teeted 


Explosive 

Composition 

%wt 

DensiU 

(kg/m^ 

Detonation 
Velocity  (m/s) 

Comp  1 

HMXA^lton 

96/4 

■PH 

8860 

Comp  2 

RDX/PBHT  Binder 

88/12 

8180 

Comp  3 

HMX/AP/Al/ Binder 

42/9/19/30 

■!■ 

7690 
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10  pt  In  the  case  of  compositions  1  and  2,  This 
behavior  is  even  more  marked  in  the  non- 
dimensionaliaed  representation  shown  in 
Figures  4  and  6.  Here,  the  results  obtained  are 
iittle  dependent  on  the  escplosive,  and  the  limit 
value  gives  the  emciency  of  the  geometry. 
Thus,  explosives  1  and  2  give  close  curves, 
although  they  have  v(>ry  different  perfor¬ 
mances.  After  10  ps  of  motion,  the  curve  for 
Comp  3  diverges  from  the  other  two.  This 
divergence  occurs  mainly  after  the  two  other 
compositions  have  reachrii  the  lliAit  value.  To 
bring  back  the  curve  ei  Ouuip to  the  efnciency 
level,  the  standarditiiisi  energy  used  should  be 
progressively  increased  by  AQ,  such  as: 

AQ(t)  =  (^-^ - ijQ^  (0 

where  B,td(t)  is  the  non-dimensionalixed 
energy  of  Figures  4  and  6,  Qo  is  the  standard¬ 
izing  energy,  q  is  the  efneieney  of  the  geometry 
(0.26  for  SPT,  0.68  for  CT). 

One  can  reasonably  suppose  the  AQ(t) 
comesprincipally  from  the  retarded  combustion 
of  the  aluminum  contained  in  Comp  3,  which 
is  likely  to  supply  an  energy  Qai  of  about 
3600  kJ  per  kilo  of  explosive. 


Figure  4,  Experimenlal  ReeuUe  in  Non- 
dimentionalixed  Form  for  CT.  Standardising 
energy  =  D*/2(r*-l)  mx  with  r=3  and  mx  = 
mass  of  the  exploaioe. 


From  Equation  (1)  we  can  dedhee  k  maks 
fraction  of  reacted  aluminum: 

X(t)=:AQ(t)/Q^.  (2) 

The  curves  A(t)  thus  obtained  are  shown 
in  Figure  6  for  the  two  tests.  Theiie  two  curves 
are  very  close,  which  seenda  i^easona|yle  as  the 
two  conflgurations  give  a  similar  ekpliinsion 
variation  with  respect  to  time^f,  Thehk  is  an 
induction  time  of  10  pa,  and  in  the  12  ps  which 
follow,  26  percent  of  the  aluminum  reacts. 

This  approach  has  been  made  possible  by 
the  F.P.I.,  which  gives  the  wall  velocity 
directly.  Figure  7  shows  the  displacement  of 
the  wall  obtained  by  integration  of  the  velocity 
history  in  the  ease  of  the  cylinder  test.  It'  is 
this  kind  of  information  which  is  obtained  with 
a  streak  camera,  but  the  particular  behavior 
ofComp  3  is  not  immediately  visible  in  this 
representation,  To  be  really  usefbl,  the  streak 
camera  recording  must  be  derived  to  obtain 
the  velocity;  this  is  the  approach  used  by 
M.  Finger  in  1670  in  Reference  6.  But,  if  Ax  is 
the  precision  for  the  displacement,  the  error 
AV  on  the  velocity  is  given  by: 

AV  =  i6Xft  (3) 


Figure  5.  Experimental  Reaulte  in  Non- 
dimeneionalixed  Form  for  SPT.  Standardising 
energy  =  Z)*/2(r*-l)  mx  with  r=3  and  mx  = 
mass  of  the  explosive. 
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Figurt  6,  Mass  Fraction  for  the  Combuetion  of 
Aluminum  Obtained  Uting  Equation  (2),  The 
motion  atartaatt=0. 


Figure  7.  Diapiacementa  Veraua  Time  Obtained 
by  Integration  of  the  Velocity  Hiatoriea 


where  t  is  the  interval  of  time  separating  the 
two  points,  that  is  the  time  resolution  for  the 
velocity.  To  obtain  the  velocities  in  the  same 
conditions  as  with  the  P.P.I.,  Ax  must  be  of  the 
order  of  3  microns,  which  is  difTicult  to  achieve. 
With  a  more  common  value  of  Ax  =  0.06  mm, 
AV  wili  be  the  same  as  with  the  F.P.I.  if  t  -  3  ps 


that  is,  20  times  the  P.P.I.’s  time  resolution. 
The  details  of  the  velocity  history,  in  particular 
the  changes  in  the  slope,  would  not  be  at  all 
accessible  using  a  streak  camera. 

For  laboratory  tests,  it  is  therefore  clear 
that  the  P.P.l.  has  the  advantage  of  rocording 
the  velocity  directly  with  a  time  resolution  that 
is  better  by  a  factor  of  20  than  that  given  in 
classical  chronometry.  For  applications  requir¬ 
ing  recording  durations  of  less  than  several  tens 
of  microseconds,  a  higher  sweep  rate  can  be 
used  and  the  time  resolution  of  the  F.P.I.  can  be 
less  than  10  ns.  A  factor  of  100  is  gained,  there¬ 
fore,  compared  with  chronometry  techniques. 

OTHER  EXAMPLES  OF  USE  OF 
THE  F.P.I. 

The  F.P.I,  can  also  be  used  to  monitor 
tests  for  which  there  would  otherwise  be  few 
monitoring  possibilities. 

VELOCITY  OF  FRAGMENTS  IN  A 
GROOVED  CYLINDER  TEST 

These  tests  make  possible  evaluation  of 
velocity  loss  due  to  the  opening  of  the  wall  in  a 
cylinder  test.  The  geometry  tested  is  described 
in  Figure  8.  The  velocity  histories  of  a 
fragment  are  given  in  Figure  9  for  the  3 
compositions  in  Table  1.  In  these  teste  the 
detonation  products  escape  through  the  grooves 
immediately  behind  the  detonation  front.  In 
spite  of  this  early  appearance,  the  recording 
durations  are  longer  than  12  ps,  and  an 
analysis  of  the  most  important  part  of  the 
accelerating  phase  is  therefore  possible. 

A  streak  camera  would  not  give  any  infor¬ 
mation  on  the  motion  of  the  fragment,  and  this 
would  be  masked  by  the  detonation  products. 

FUNCTIONING  OF  A 
TRANSMITTING  DEVICE’® 

This  device  is  outlined  in  Figure  10.  It 
is  used  to  transmit  pyrotechnic  information 
through  a  wali.  We  recorded  the  velocity 
history  of  this  wall  using  a  F.P.I.  and  the 
results  obtained  are  shown  on  Figure  10.  The 
thickness  of  the  wall  determines  whether  or  not 
there  is  plugging  (piercing)  expressed  by  a  flnai 
velocity  which  is  different  from  or  equal  to  xero. 
Here,  the  F.P.I.  makes  it  possible  to  obtain 
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steel  tube 
Explosive 
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Figurt  10>  Monitoring  of  tho  Functioning  of  a 
Trammitting  Dtviee; 

.*  without  plugging  of  the  wall, 

— ;  with  plugging  of  the  wall 


Figure  8.  Layout  of  the  Teet  for  Evaluation  of 
the  Effect  of  Wall  Opening  in  a  Cylinder  Teet 


Figure  9.  Velocity  HietoHee  fJsing  the  Grooved 
Cylinder  Teet  for  the  Three  Compoeitione  of 
Table  t 


CALIBRATION  OF  A  DIVERGENT 
SPHERICAL  GENERATOR 

Such  g  generator  is  ue^d  to  study  the 
bihavlor  of  materials  in  regimes  diiTerent  from 
plane  ones.  It  is  shown  in  Figure  11.  The 
calibration  of  this  generator  must  give: 

•  the  region  where  the  flow  is  really  one¬ 
dimensional, 

e  the  pressure  level  in  relation  to  the 
thickness  of  the  Intermediate  material. 

Part  of  this  work  can  be  done  using  a 
streak  camera.  However,  these  results  are  not 
very  sensitive  to  the  exact  wave  profile.  A 
double  F.P.I.  measurement  makes  it  possible  to 
test  more  precisely  both  the  one-dimensional 
character  and  the  levol  of  the  wave  produced 
by  the  generator.  An  example  of  the  results  is 
given  in  Figure  12. 

This  illustrates  the  F.P.I.’s  capacity  to 
take  simultaneous  measurements  on  non- 
planar  geumetrloB. 

CONCLUSION 


information  on  small  devices  with  difficult  It  Is  clear  that  the  F.P.I.  gives  valuable 

access  subjected  to  non  one-dimensional  motion.  experimental  results  in  laboratory  tests 
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rifueffog  eoitfngi 


Figurt  11,  Calibration  of  a  Dioorging  Sphtrical 
0*n$raior 


Figure  12,  Velocity  Hietoriee  Obtained  for  the 
Teet  Shown  Figure  11,  The  two  tecordinge 
are  obtained  eimultaneouely  on  the  axit  (—) 
and  at  45*  from  thU  (uci«  (—), 

involving  simple  geometries,  in  the  appli¬ 
cation  shown  in  this  paper,  the  F.P.l.  has 
enabled  us  to  obtain  information  on  the  role  of 
aluminum  in  the  energy  delivered  by  an 
explosive. 

But  the  P.P.I.  is  not  limited  to  this  type  of 
application  ond  cun  also  be  used  to  monitor 
more  complex  geometries.  At  present  its  use  is 
limited  due  to  the  available  light  power 
provided  by  monochromatic  lasers.  This 
limitation  can  now  be  overcome  by,  for 


example,  the  use  of  a  multi-line  laser*  enabling 
multiplication  of  the  available  power  by  a 
factor  of  10  to  20.  We  can,  therefore,  expect 
that  the  P.P.I.  will  be  used  more  and  more  in 
the  field  of  detonics. 
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DETONATION  PRODUCT  EQUATION  OF  STATE  FOR  BARATOL* 


John  W.  Kury  and  R.  Don  Breithaupt 
Lawrence  Livermore  National  Laboratory 
High  Ezploeivea  Technology 
Livermore,  California  945S0 


The  metal  acceleration  ability  of  the  compoeite  explosive  Baratol,  was 
experimentally  determined  using  a  Fabry  Perot  velocimeter,  The 
Baratol  reaction  xone  has  a  von  Neuman  spike  pressure  of  23,5  OPa, 
The  performance  of  Baratol  was  found  to  be  geometry  dependent  which 
is  attributed  to  the  slow  reaction  of  barium  nitrate*s  oxygen  with  the 
TNT  detonation  products,  About  35  percent  of  the  oxygen  reacted  in  the 
7  psec  available  for  metal  acceleration.  The  experimental  results  were 
used  to  generate  an  equation  of  state  "recipe'*  for  use  in  hydrodynamic 
calculations  of  the  wedge  test. 


INTRODUCTION 

A  largo  number  of  wedge  tesla*  have  been 
performed,  primarily  by  Dr,  John  Ramsay  and 
others  at  Los  Alamos  National  Laboratory,  to 
measure  the  shock  initiation  behavior  of  both 
explosives  and  propellants,  The  experimental 
data  are  commonly  summarised  in  plots  of 
input  pressure  verses  either  time  or  run  dis¬ 
tance  to  detonation.  These  plots  are  also  used 
to  help  calibrate  reactive  models  describing  the 
shock  initiation  behavior  of  the  material 
tested. 

There  arc  difficulties  with  the  above 
simple  treatment.  For  given  transition  time, 
the  actual  transition  to  detonation  can  either 
be  very  rapid  or  gradual.  Any  implications  of 
this  difference  to  the  reactive  model  are  lost. 
Also,  the  input  pressure  in  the  wedge  test  is 
not  constant  but  decreases  significantly  over 
the  time  of  the  experiment.  The  effect  is 
particularly  worrisome  when  using  a  highly 
pressure  dependent  reactive  model.^ 

Hydrodynamic  calculations  to  mutch 
wedge  test  distance-time  data,  can  bo  used  to 


*Wurk  porfornuid  under  the  unepkiiM  ul'  the  U.S. 
Depurlnient  nC  Blnergy  by  Ihe  l.uwrencu  l.ivermore 
Nutiunul  l.uburuiory  under  Cunlruct  No.  W-7406- 
BNG-44 


obtain  a  more  precise  description  of  the  initia¬ 
tion  behavior  of  the  test  material.  To  do  this 
accurately,  one  requires  good  equations  of 
state  for  the  materials  used  in  the  driver 
systems  (P081  lens  and  an  explosive-inert 
material  buffer  -  Figure  1).  Precise  data  are 
available  for  the  steel,  PMMA,  TNT,  and 
Comp  B  used  in  the  buffer.  Almost  no  data, 
however,  exists  for  Baratol  which  is  used  in  the 
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lens  system  and  also  in  the  low  pressure  bufTer 
layer, 

EXPERIMENTAL 

Baratul-containing  lenses  60  mm, 
100  mm,  and  200  mm  in  diameter  were  used  to 
accelerate  tantalum  plates.  A  Fabry  Perot 
velocimeter^  was  used  to  measure  the  velocity- 
time  history  of  the  tantalum  plates.  The 
experimental  geometries  and  pertinent  dimen¬ 
sions  are  summari.«ed  in  Table  1 . 


Table  1,  Experimental  Qeometrm 


Uxperlftimit 

. 

l.nriH 

DttSiKiiuliun 

l.ongth  of 
Barulul 

In  lisna 

Tunlalum  Plalo 
Thickneas 

(mm) 

BAKi) 

P022 

24  mm 

0.284  mm 

BOTu-l 

l>040 

39  mm 

1.630  mm 

HU'rs-2 

POHl 

83  mm 

2.606  mm 

Experiment  HAIl-3,  using  a  very  thin 
plate  (0.26  mm),  was  included  to  obtain  an 
estimate  of  the  von  Neuman  spike  pressure 
and  thickness  of  the  reaction  zone  for  this  com¬ 
posite  explosive  containing  76  percent  barium 
nitrate  and  24  percent  TNT  by  weight.  The 
Fabry  Perot  record  obtained  in  shot  BAR-3  is 
shown  in  Figure  2.  The  time  resolution  is 
bettor  than  10  nanoseconds.  The  tantalum  free 
surface  velocity-time  histories  for  all  three  ex¬ 
periments  are  plotted  in  Figure  3. 

RESULTS  AND  DISCUSSION 

Pressure  at  the  Detonation  Front 


Figure  2,  Fabry  Perot  Record  for  0.26  mm 
Thick  Tantalum  Plate 


The  initial  tantalum  free  surface  veloci¬ 
ties  can  be  used  to  estimate  the  pressure 
behavior  of  Baratol  near  the  detonation  front. 
The  one-dimensional  Logranglan  hydrodyna¬ 
mic  code  KOVEC^  was  used  to  analyze  the 
data.  Initially,  gamma  law  equations  of  state 
with  the  published^'^'®  detonation  pressures  of 
17GPa,  16  GPa,  or  14  GPa  wore  used  to 
calculate  tantalum  free  surface  velocities. 
These  calculations  underoDtlmated  the  initial 
velocities,  and  it  became  apparent  that  a  front 
pressure  of  over  20  GPa  would  bo  required  to 


obtain  agreement.  This  indicated  the  presence 
of  a  significant  von  Neuman  spike. 

An  attempt  was  first  made  to  generate  a 
single  JWIi  equation  of  state  that  would 
describe  both  the  high  pressure  spike  and 
deliver  approximately  the  correct  total  energy 
to  the  tantalum  plates  at  late  time.  This  was 
unsuccessful. 

Tarver’s^  reactive  model  was  then  used 
with  both  inert  and  product  JWL  equations  of 
state.  The  inert  EOS  for  Baratol  was  based  on  a 
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nt  to  published  llugoniot  data.^  The  product 
EOS  was  estimated  from  Tiger  code^  cal¬ 
culations  and  cylinder  test  results.’^  Many 
calculations  with  a  wide  range  of  reactive 
parameters  were  carried  out.  None  produced  a 
spike  pressure  high  enough  to  match  the  ex¬ 
perimental  results. 

A  simple  way  to  vary  the  Baratol 
pressure  profile  impacting  the  tantalum  plate 
in  a  one-dimensional  calculation  is  to  use  mul¬ 
tiple  explosive  regions  adjacent  to  the  plate. 
The  thickness  of  the  regions  and  the  product 
EOS  can  both  be  varied.  This  technique  was 
used  to  generate  the  pressure  profile  presented 
in  Figure  4.  The  spike  pressure  of  23.5  GPa 
drops  to  about  ISQPa  in  16  nanoseconds, 
and  then  down  to  16  GF*!  in  another  100 
nanoseconds.  This  pressure  profile  accurately 
predicts  the  initial  free  surfaco  velocities  for  all 
three  tantalum  experiments.  The  comparison 
is  shown  in  Figure  6. 

Baratol  Product  Equation  of  State 

Baratol  is  a  composite  explosive  contain¬ 
ing  an  oxidisor,  barium  nitrate,  and  an  oxygen 
deficient  explosive,  TNT.  Analysis  of  the  three 
tantalum  experiments  with  varying  Baratol 
lengths  shows  that  energetic  reactions  con¬ 
tinue  well  behind  the  shock  front.  This 
geometry  (time)  dependent  behavior  is  a 
dominant  of  the  Baratol  pressure  history,  and 
makes  it  extremely  difflculi  to  generate  a 
simple  EOS  treatment  for  the  products.  As  a 
compromise,  two  "recipes"  have  been  formu¬ 
lated  which  are  useful  for  calculations  involv¬ 
ing  Baratol  charges  100  mm  in  diameter  by 
100  mm  long  or  larger.  These  "recipes"  are 
based  on  the  P081-tantalum  experimental 
results. 

A  simple  gamma  law  EOS  with  a 
detonation  pressure  of  12.2  GPa  can  be  used  to 
approximate  the  correct  total  energy  transfer 
in  both  one-dimensional  and  two-dimensional 
hydrodynamic  calculations.  The  gamma  law 
constants  are  given  in  Table  2.  The  tantalum 
free  surface  velocity  predicted  by  this  EOS  is 
compared  to  the  experiment  in  Figure  6. 
Agreement  is  excellent  except  lor  the  initial 
jump  off  velocity. 


Figure  4.  Baratol  Pressure  Spike  Profile 
Deduced  from  Tantalum  Plate  Jump  Off 
Velocities 


Figure  5.  Comparison  of  Experimental  Jump 
Off  Velocities  to  those  calculated  with  a  23.5 
GPa  Spike  Pressure 
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Table  2.  Product  EOS  Recipe  for  Baralol 
Charges  with  Length  (1)  Greater  than  100  mm 


Rtlion 

A* 

a 

c 

Om 

lUfion 

Biratol 

Ungth  Imm) 

0.8il(f'0.40) 

0.12(1  0.40) 

0.40 

I 

BOSTyp* 

JWt, 

Y'liw 

y.|«w 

Y  Uw 

Pu(B/e4) 

a.eo 

a.eo 

8.00 

8,00 

D(6my|JtMc) 

0.48 

0.40 

0.40 

0.40 

P'mi|ib)in) 

0,110 

0.106 

0.840 

0,188 

Y 

4U 

a.78 

1.00 

4.18 

•g(m*g«birM/e«] 

0.0110 

0.0469 

o.aoo 

0.0100 

A 

18,06 

B 

0,0160 

»1 

6.00 

Ka 

a.iM) 

u 

0.00 

*  Dtlonitlon  progrtuii  fhim  K«|luii  A  to  C 


Figure  6.  Tantalum  Velocity  Calculated  with 
12,2  OPa  Gamma  Law  EOS  Compared  to 
Experiment 

A  *'rocipe”  for  a  more  accurate  deecrip- 
tion  or  the  preueure  for  use  in  wedge  test 
calculatione  and  other  one-dimensional  geome¬ 
tries  involves  three  different  zones  of  explo¬ 
sive.  All  have  the  density  and  detonation 
velocity  of  Baratol  but  different  equations  of 
state.  The  EOS  constants  are  given  in  Table  2. 
The  region  at  the  end  of  the  Baratol,  next  to  the 


buffer  layers  (region  C),  is  0.4  mm  long.  The 
rest  of  the  Baratol  is  split  into  region  B,  12 
percent  the  length  of  the  charge,  and  region  A 
described  by  a  JWL  EOS.  A  JWL  BOS  was 
required  in  region  A  to  describe  the  products 
properly  at  large  expansions.  The  tantalum 
free  surface  velocity  predicted  by  this  "recipe** 
is  compared  to  experiment  in  Figure  7. 

The  three  region  EOS  "recipe**  was  used 
to  calculate  the  wedge  test  pressure  for  a 
typical  explosive  wedge  at  the  PMMA  - 
explosive  interface  for  three  commonly  used 
P081  driver  systems.  The  results  are 
presented  in  Figure  8.  Note  the  large  drop  in 
pressure  with  time,  especially  for  the  CompB 
driver  system. 

Tarver’s  reactive  model  for  LX- 17^  was 
used  in  one-dimensional  calculations  to  esti¬ 
mate  the  difference  in  run  distances  to 
detonation  that  would  be  observed  for  a 
constant  pressure  input  versus  that  shown  in 
Figure  8  for  the  Comp  B  driver  system,  The 
decaying  pressure  for  this  driver  system 
increased  the  run  distance  by  16  percent  over 
that  which  would  be  observed  with  a  constant 
pressure  input. 

Amount  of  Barium  Nitrate  Reacted  with 
TNT 

The  metal  acceleration  ability  of  Baratol 
can  vary  over  a  factor  of  two.  depending  on  how 
much  of  the  oxygen  from  barium  nitrate  reacts 
with  the  excess  carbon  produced  by  the  TNT. 
Thermodynamic-hydrodynamic  programs, 
such  as  BKW‘‘  or  Tiger,^  can  be  used  to 
estimate  the  increase  in  energy  as  a  function  of 
the  number  of  oxygen  atoms  from  barium 
nitrate  that  react.  These  programs  are  not 
accurate  in  an  absolute  sense  but  can  be  used 
for  relative  comparison.*^  The  tantalum 
experiments  and  cylinder  test  results  were 
used  to  make  such  a  comparison  to  the  refer¬ 
ence  explosive  nitromethane. 

The  performance  of  Baratol  vs.  nitro- 
methane  in  the  P081 -tantalum  geometry  is 
shown  in  P'igure  9.  The  tantalum  velocity 
curve  for  nitromethane  was  calculated  with 
KOVEC  using  a  JWL  EOS  obtained  from 
cylinder  test  experiments.  Baratol  delivers 
only  72  percent  as  much  energy  to  the 
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Figure  7.  Tantalum  Velocity  Calculated  with  a  Figure  9.  Baratol  Performance  Relative  to 
3  Region  EOS  "Recipe"  Nitromethane 


I 

1 


Figure  8.  Calculated  P08t  Wedge  Test  Driver 
System  Explosive  Wedge  Interface  Pressure  Vs, 
Time 


tantalum  plate  as  does  nitromethane.  Results 
from  similar  comparisons  for  the  other  experi¬ 
mental  geometries  are  presented  in  Table  3. 

For  comparison,  the  Tiger  code  was  used 
to  calculate  the  energy  released  for  isentropic 


Table  3.  Baratol  Nitromethane  Energy 
Comparisons 


Baratol  vs.  NM 

Relative  Energy 
Delivered 
to  the  Metal 

in  P081  experiment 

72% 

in  P040  experiment 

66% 

in  P022  experiment 

63% 

ini"  cylinder  test 

56% 

expansions  to  relative  volumes  up  to  6. 
Calculations  were  done  for  nitromethane  and 
Baratol  with  varying  amounts  of  oxygen 
reacted.  Baratol  results  were  expressed  In 
terms  relative  to  nitromethane  eno  'gy  release. 
Table  4  presents  the  results  for  such  a  calcula¬ 
tion,  where  only  60  percent  of  the  oxygen  in 
barium  nitrate  was  allowed  to  react  with 
barium  to  form  barium  oxide,  and  with  excess 
carbon  from  TNT  to  form  carbon  oxides.  The 
relative  energy  Imparted  to  metal  is  a  strong 
function  of  how  far  the  detonation  products 
expand.  This  results  from  the  fact  that  Baratol 
has  a  much  steeper  isentrope  (larger  gamma) 
than  does  nitromethane. 
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Table  4.  Baratol  Performance  when  60  Percent 
of  its  Oxygen  Reacts 


Relative  Expansion 
Volume 

Baratol 

Energy  Relative 
toNM 

1.2 

-12% 

1.6 

-19% 

2.0 

-26% 

2,4 

-28% 

3.0 

-32% 

5.0 

-37% 

Similar  energy  comparieons  were  made, 
allowing  from  20  percent  to  80  percent  of 
barium  nitrate’s  oxygen  to  react.  The  results 
for  expansions  to  relative  volumes  of  1.2  and 
2,4  are  presented  in  Figure  10  as  solid  lines. 
The  Baratol  lens  experiments  sample  the 
detonation  products  to  relative  volumes 
slightly  greater  than  1.2.  The  cylinder  test 
data  for  Baratol  sampled  the  products  to  i 
relative  volume  of  2.0. 

The  points  in  Figure  10  are  the  data  in 
Table  3  plotted  at  the  appropriate  relative 
volumes.  The  P022  result  indicates  that  only 
about  20  percent  of  the  oxygen  in  barium 
nitrate  reacted  during  this  I  pace  experiment. 
This  is  in  contrast  to  the  36  percent  reacted  in 
about  7  psecs  for  the  other  three  expnriments. 

CONCLUSIONS 

An  equation  of  state  "recipe”  for  Baratol 
has  been  derived  from  metal  acceleration 
experiments,  which  allows  accurate  hydiody 
namic  calculations  of  wedge  test  experiments. 
It  is  now  possible  to  calibrate  shock  initiation 
models  in  a  manner  which  takes  into  account 
the  signiilcant  decrease  in  pressure  that  occurs 
at  the  driver/test-sample  interface  during  the 
course  of  an  experiment. 
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DESIGN  AND  DEVELOPMENT  OF  PRECISION  LINEAR  SHAPED 

CHARGES 


ManueS  Q.  Vigil 
Sandla  National  Laboratories 
Explosive  Subsystems  Division 
Albuquerque,  New  Mexico  8718S 


The  Precision  Linear  Shaped  Charge  (PLSC)  design  concept  inuolves 
the  independent  fabrication  and  assembly  of  the  liner  (wedge  of  PLSC), 
the  tamper !  confinement,  and  explosive,  The  liner  is  the  most  Important 
part  of  an  LSC,  and  should  be  fabricated  by  a  more  quality  controlled, 
precise  process  than  the  tamper  material,  Also,  this  allows  the  liner 
material  to  he  different  from  the  tamper  material.  The  explosive  can  be 
loaded  into  the  liner  and  tamper  as  the  last  step  in  the  assembly  process, 
rather  than  the  first  step  as  in  conventional  LSC  designs,  PLSC  designs 
are  shown  to  produce  increased  Jet  penetration  in  given  targets,  more 
reproducible  Jet  penetration,  and  more  efficient  explosive  cross-sections 
using  a  minimum  amount  of  explosive.  The  Linear  Shaped  Charge 
Analysis  Program  (LSCAP)  being  developed  at  Sandia  National 
Laboratories  has  been  used  to  assist  in  the  design  of  PLSCs,  LSCAP 
predictions  for  PLSC  Jet  penetration  in  aluminum  targets.  Jet  tip 
velocities,  andjet-target  impact  angles  are  compared  to  measured  data. 


INTRODUCTION 

Sandla  National  Laboratories  (SNL)'  is 
involved  in  the  design  of  linear  shaped  charge 
(LSC)  components  varying  in  size  fi'om  10  to 
300  grains  per  foot.  These  LSC  components 
are  required  to  perform  such  functions  as 
rocket  stage  separation^  parachute  deploy¬ 
ment,  parachute  system  release,  flight 
termination,  system  destruct  and  disable¬ 
ment.  Most  of  the  LSC  components  for  these 
systems  require  precise  and  reproducible  Jet 
penetration,  using  the  minimum  explosive 
and  total  component  weights. 

Sandia  National  Laboratories  is  cur¬ 
rently  involved  in  a  task  to  design  Precision 
Linear  Shaped  Charges  (PLSC).^  ®  The 
sweeping  detonation  and  three-dimensional 
collapse  process  of  an  LSC  is  a  complex 
phenomenon.  The  Linear  Shaped  Charge 
Analysis  Program  (LSCAP)  is  being  developed 
at  SNL  to  assist  in  the  design  of  PliSC 


components.  Analytical  output  from  the 
LSCAP  code  is  presented  and  compared  to 
experimental  data  for  various  PLSC  designs 
in  the  20  to  26  grain  per  foot  explosive  loading 
range.  The  LSCAP  code  models  the  motion  of 
the  LSC  liner  elements  due  to  explosive 
loading,  jet  and  slug  formation,  jet  breakup, 
and  target  penetration  through  application 
of  a  series  of  analytical  approximations, 
which  are  extensions  of  the  standard  one- 
dimensional  modeling  techniques  for  conical 
shaped  charges.  The  structure  of  the  code  is 
Intended  to  allow  flexibility  in  LSC  design, 
target  configurations,  and  in  modeling 
techniques.  The  analytical  and  experimental 
data  presented  includes  LSC  jot  penetration  in 
aluminum  targets  as  a  function  of  standoff,  jet 
tip  velocities,  and  jet-target  impact  angles. 
The  measured  velocity  and  angle  data  were 
obtained  using  a  Cordin  Model  114  rotating 
mirror  camera  at  a  turbine  speed  resulting  in 
a  0.918-mlcroBecond  interframe  time. 
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GENERAL  LINEAR  SHAPED 
CHARGE 

The  parameters  or  variables  for  a 
general  linear  shaped  charge  cross-section  are 
illustrated  in  Figure  1.  The  large  number  of 
variables  defining  a  cross-section  makes  the 
design  of  "the"  optimum  LSC  a  very  difllcult 
task. 


Figure  /,  LSC  C  roe  a  •Section  Variables 

The  generic  operational  characteristics^'^ 
of  an  LSC  are  shown  in  Figure  2.  A  metal  tube 
or  sheath  containing  explosive  is  formed  so 
that  a  wedge  is  created  on  one  side.  The  LSC 
is  typically  point  or  end  initiated,  and  a 
detonation  wave  propagates  along  the  axis. 
The  wedge  collapses  on  itself  and  forms  a  high 
velocity  sheet  of  Jet  particles.  In  general,  the 
jet  particles  are  not  projected  perpendicular  to 
the  original  direction  of  the  liner,  nor  is  the 
particle  velocity  perpendicular  to  the  Jot  front. 

The  loading,  relatively  high  velocity  (3-5 
mm/ps),  main  Jet  produces  most  of  the 
penetration  into  the  target.  The  slower  (1-1.6 
mm  ps),  rear  Jot  or  slug  is  usually  found 
embedded  in  the  cavity  generated  in  the 
target  by  the  main  Jet.  Severance  of  a  finite 
thickness  target  results  from  both  the 
penetration  of  the  main  Jet  and  the  fracture  of 
the  remaining  target  thickness.  The  fracture 
portion  of  the  severed  thickness  usual  ly  varies, 


and  can  be  up  to  60  percent  depending  on  the 
target  strength  parameters. 


Jki  eillAKUS 


Figure  2.  LSC  Collapse  andJetting 

CONVENTIONAL  LINEAR 
SHAPED CHARGE 

Typically,  conventional  LSCs  are 
fabricated  by  loading  a  cylindrical  tube  with 
granular  explosives,  and  then  roll  or  swage 
forming  the  loaded  tube  to  the  familiar 
chevron  configuration  illustrated  in  Figure  3. 

Some  of  the  disadvantages  of  conven¬ 
tional  LSC  designs  are  as  follows; 

1.  Non-symmetrical  cross-section, 

2.  Nonuniform  explosive  density, 

3.  Non  optimized  explosive  and  sheath 
cross-sections,  and 

4.  Historically  designed  for  nonprecise  Jet 
cutting. 

The  explosive  and  sheath  cross-section  of  a 
conventional  26  grain  per  foot,  aluminum 
sheathed  LSC  loaded  with  HNS  11  explosive  is 
shown  in  Figure  4.  Figure  6  illustrates  the 
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tsit  to  teit  variations  in  Jet  penetration  of  an 
aluminum  target  for  the  26  grain  per  foot  LSC 
shown  in  Figure  4. 


Figure  S.  Reproducibility  of  25  OR/FT  LSC 


PRECISION  LINEAR  SHAPED 
CHARGE 

Figures,  Conventional  LSC  Fabrication  For  PLSC  the  liner,  explosive,  and  tarn* 

per  materials  can  be  assembled  as  illustrated 
in  Figure  6. 


Figure  8.  PLSC  Fabrication 

The  liner,  tamper,  and  explosive  are 
manufactured  independently  to  allow  the 
Figure  4,  25  OR/FT,  HNS  U,  AL  Sheathed  required  control  of  fabrication  methods,  which 
LSC  result  in  a  more  precise  component.  The 


quality  control  of  the  liner  is  most  important 
in  the  performance  of  LSC  devices. 

An  extruduble  or  castable  explosive  is 
loaded  or  assembled  with  the  liner  and  tam¬ 
per  components  after  these  other  two  compo¬ 
nents  are  fabricated.  The  explosive  can  be 
loaded  using  single  or  multiple  extrusions  or 
by  "buttering/*  a  "toothpaste**  like  application 
technique,  if  necessary.  Assembly  aids,  such 
as  the  use  of  vacuum,  are  also  useful. 

The  liSCAP  code  has  been  used  to 
improve  the  PhSC  parameters.  The  explosive 
charge  to  liner  mass  ratio  can  bo  designed  to 
optimize  the  transfer  of  energy  from  the 
detonation  wave  through  the  liner  to  the  high- 
velocity  jet.  The  explosive  charge  to  tamper 
muss  ratio  can  bo  designed  to  optimize  the 
tamper  material  and  thickness.  The  maxi¬ 
mum  tamper  thickness  is  defined  as  that 
tiiickness  beyond  which  no  additional  gain  in 
the  liner  collapse  velocity  is  obtained.  The 
tamper  can  be  made  of  diil'erent  material  than 
that  for  the  liner  in  order  to; 

1.  Fit  different  configurations 

2.  Allow  for  buttering  of  explosive 

3.  Allow  seloct  lon  of  tamping 
characteristics  in  material 

4.  Allow  for  built-in  shock  mitigation 
properties 

6.  Allow  for  a  built-in  standoff  housing 
free  of  foreign  materials  and  water 
which  dograde  jot  formation 

LINKAK  SHAFKI)  CHAKGK 
ANALYSIS  PROGRAM  (LSCAP) 

The  modeling  capabilitlcu  jf  the  LSCAF 
code  include: 

1 .  Sweeping  /  langontiul  detonation 
propagation 

2.  Jut-turgei  impact  angles 

3.  Liner  acceleration  and  velocity 

4.  Jut  formation  process 

6.  Jet  penetration  process  including 
layered  targets 

6.  Jet  breakup  stress  model 

7.  Target  strength  modeling 

The  code  is  inexpensive  relative  to 
hydrocodus,  can  bo  easily  used  to  conduct 
parametric  studies,  and  is  interactive. 


The  liSCAP  modeling  of  half  of  an  LSC 
cross-section  is  Illustrated  in  Figure  7.  Fig¬ 
ure  8  shows  sample  LSCAP  output  illustrat¬ 
ing  an  LSC  with  a  variable  standoff  to  an 
aluminum  target,  sweeping  detonation,  a  jet 
front  envelope  of  26.7  degrees,  jet  particle  path 
relative  to  the  target,  and  n  comparison  of  the 
predicted  and  experimental  target-jet  penetra¬ 
tion  at  8  and  24  microseconds,  respectively. 


Figure  7,  Model  of  LSC  Crota-Sectlon 


Figures.  LSCAP  del  (Penetration  Graphics 
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RESULTS 

A  parametric  study  was  conducted  incor¬ 
porating  the  25  grain  per  foot  (gr/ft),  LX-13 
explosive,  flange  PLSC  designs  similar  to 
Figure  9,  and  with  the  following  variables; 

1.  Explosives 

a.  LX-13 /XTX8003 

b.  PBXN301 

2.  Liner  materials 

a.  Copper 

b.  Aluminum 

c.  Nickel 

3.  Tamper  /  confinement  material 
Aluminum 

4.  PLSC  Geometry 

a.  Liner  apex  angles; 

70, 76, 90,  and  106  degrees 

b.  Liner  thicknesses: 

.004,  .007,  .008,  and  .010  inches 


as  sr/ft,  Al  UNIR,  Al  TAMRIR 
UNIRt  0.004  AND  0.010*  THIOK  (t) 


Figure  9.  ’^Flange"  PLSC  Croae-Section 

The  PLSC  materials,  liner  thickness  (t), 
and  apex  angles  (0,)  were  varied  as  listed  in 
Table  1.  The  PLSC  jet  tip  velocity  (Vj),  jet 
envelope  angle  (0),  Jot-target  angle  (a),  jet 
penetration  Into  an  aluminum  6061 -T6  target 


Table  1  LSCP  Versus  Experimental  PLSC  Parameter  Compariaona 


Vj 

oc 

P 

S.O. 

Li.’X'r 

t 

0. 

lom/iisl 

..JdjiRL 

JltfuL- 

(In.) 

(in.) 

Vt^tsrial 

LULl 

OnJ 

iJUL 

LSCAP 

LSC\P 

ISCAP  Exu. 

Esb* 

Al 

.004 

70 

.55 

.65 

49 

35 

62 

63 

.09 

.07 

Cu 

.004 

70 

.36 

.41 

26 

34 

63 

72 

.11 

.15 

Al 

.004 

.4? 

.50 

yu 

44 

73 

72 

.11 

.08 

Cu 

.004 

W 

.36 

.33 

27 

2/ 

77 

77 

.17 

.10 

Ni 

.004 

90 

.28 

.33 

23 

27 

74 

79 

.13 

.10 

Al 

.010 

90 

.32 

.36 

28 

29 

74 

76 

.15 

.24 

Cu 

.010 

90 

.20 

.20 

16 

16 

78 

82 

.14 

.19 

Ni 

.010 

90 

.17 

.20 

15 

16 

81 

83 

09 

.16 

Ai 

.010 

lOS 

.28 

.32 

24 

26 

74 

7S 

.13 

.Ifi 

Cu 

.010 

lOS 

.13 

.17 

15 

13 

GO 

83 

.14 

.21 

Al 

.00<« 

103 

.38 

.46 

31 

37 

84 

73 

.14 

.11 

Cu 

.004 

105 

.26 

.28 

24 

22 

78 

78 

.16 

.23 

Cu 

.010 

70 

.23 

.25 

19 

20 

80 

81 

.15 

.18 

Al 

.010 

70 

-- 

.47 

-• 

38 

... 

71 

.18 

.14 
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<P),  and  oplimum  slandoiT  (S  O. I  are  listed  in 
Table  1.  The  LSCAP  predicted  data  are  com¬ 
pared  to  the  experimental  values  for  most  of 
the  parameters.  The  cfTcct  on  jet  penetration 
versus  standoff,  due  to  variations  in  some  of 
the  PLSC  cross-section  parameters,  are  shown 
in  Figures  10-14,  The  experimental  data 
shown  in  Figures  10-14  were  hand  fitted  to 
obtain  the  solid  lino  rurves. 

The  effect  of  varying  materials  is  illus¬ 
trated  In  Figures  10  ar^d  II  for  a  90  degree 
apex  angle  with  0,004  and  0.010  inch  thick 
liners,  respectively.  The  effect  of  varying  apex 
angles  is  illusiratod  in  Figures  12  and  13  for 
0.004  and  0.010  inch  thick  aluminum  liners, 
respeutivuly.  Figure  14  shows  the  penetration 
of  0.004  and  0.010  inch  thick  copper  liners  with 
apex  angles  of  70, 90,  and  1 05  degrees. 


i 

I 

li 


■TANDOPP (M 


Figure  12,  Effects  of  Al  Liner  APEX  Angle 
(0,004**  Liner) 


Figure  10.  Effects  of  PLSC  Liner  Material 
{0.004  •'Liner,  90°  APEX) 


Figure  /5,  Effects  of  A I  Liner  APEX  Angle 
{O.OWAL  Liner) 


Figure  1 1 .  Effects  PLSC  Liner  Material 
(0.0W"lAner,90°APEX) 


Figure  14.  Effects  of  CU  Liner  Angle  and 
Thickness  (0.004  "and 0.010" Liner,' 
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Jet  ponotrutlon  versus  standoff  are 
illustrated  in  Kigure  16  for  the  PLSC  design 
shown  in  Figure  9  (0,010  in.  thick  iiner), 
compared  to  the  commerciai  LSC  design  shown 
in  Figure  4,  Both  designs  use  aluminum  liners 
(90  degree  apex)  and  tampers,  The  LX- 13  and 
HNS  M  explosives'  metal  driving  ability  in 
about  the  same. 

Linear  Shaped  Charge  Analysis  Program 
predicted  jet  penetration  versiis  standoff  data 
are  compared  in  Figure  16  lo  e-xperimental 
data  for  the  26  gr/ft  PLSC  cross  section  shown 
in  Figure  9  using  a  0.010  inch  thick  aluminum 
liner. 


Figure  15.  Meuaun'td  Pl^SC  Vernun  LSC  Data 


The  LSCAP  predicted  jet  penetration 
versus  standoff  data  are  compared  in  Figure  18 
to  experimental  data  for  the  20  gr/ft  PLSC 
cross-section  shown  in  Figure  17  using  a  0.003 
inch  thick  copper  liner,  The  "W”  line  config¬ 
uration  of  the  PLSC  shown  in  Figure  17  can  be 
more  easily  loaded  with  explosive  than  the 
PLSC  shown  in  Figure  9.  The  reproducibility 
of  jot  penetration  for  one  test  versus  position  of 
distance  along  an  aluminum  6061 -TO  target  is 
shown  in  Figure  19  for  the  20  gr/ft  PLSC  cross- 
section  of  Figure  17  for  both  copper  and  alum¬ 
inum  liners  0.008  inch  thick. 


Figure  16.  hSCAF  Versus  Experimental  Data 
(Figure  9) 


Figure  !8.  IjSCAF  V era uh  Data  (Figure  17) 
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Figure  19.  Reproducibility  of  PLSC  (Figure  1 7) 
(Standoff  =0.100") 


CONCLUSIONS 

FLSC  linor,  tampor,  and  explosive 
fabrication  processes  have  been  demonstrated 
to  produce  increased  jet  penetrations  in 
aluminum  targets,  more  reproducible  jet  pene¬ 
trations,  and  more  efficient  explosive  cross- 
sections  compared  to  equivalent  commercial 
LSCs. 

The  LSCAP  predicted  jet  tip  velocities  are 
within  20  percent  of  the  experimental  values 
(Table  1).  The  predicted  jet  envelope  angles 
relative  to  the  FLSC  are  within  20  percent  of 
the  photometrically  measured  values  (Table  1 ). 
The  measured  jot-target  angles  are  within 
11  percent  of  the  predicted  values  (Table  1). 
Data  for  copper  and  aluminum  PLSC  jet 
penetration  into  an  aluminum  target  was 
presented,  demonstrating  a  10  percent  repro¬ 
ducibility  for  a  given  test  (Figure  19).  Data 
was  presented  to  illustrate  40  percent  Improve¬ 
ment  in  jot  penetration  for  a  FLSC  design, 
compared  to  an  equivalent  26  gr/ft  conven¬ 
tional  LSC  design  (Figure  16). 

The  data  of  Figures  10-14  illustrate  that 
similar  jot  penetrations  can  be  obtained  from 
various  PLSC  designs.  A  parametric  study 
with  the  liSCAP  code  to  determine  "the"  opti¬ 
mum  PLSC  design  is  very  difflcuit  because  of 
the  large  number  of  interrelated  variables. 
This  does,  however,  emphasise  the  importance 
of  LSCAP  in  obtaining  a  more  optimized  de¬ 
sign  than  is  currently  available  from  conven¬ 
tional  LSC  designs.  Currently,  LSCAP  is  the 
only  known  linear  shaped  charge  code  in  the 
USA. 


PLSC  designs  similar  to  those  presented 
here  have  recently  been  incorporated  in  Sandia 
National  Laboratory  (SNL)  systems.  The 
Explosive  Subsystems  Division  plans  to  use 
PLSC  designs  in  all  future  SNLA  systems 
requiring  jet  severance  of  material,  including 
Kevlar  parachute  suspension  lines. 
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The  paper  relates  the  computed  pressure  profile  set  up  by  Jet  penetration 
through  a  cover  and  underlying  explosive  to  jet  initiation  charac¬ 
teristics.  This  method  is  used  to  assess  likely  initiation  mechanisms. 
The  analysis  supports  the  proposal  that  the  bow  wave  shock  ftom  Jet 
penetration  of  the  explosive  is  a  major  initiation  mechanism  and 
provides  evidence  for  tne  existence  of  two  previously  unidentified 
initiation  mechanisms.  Jet  penetration  bow  wave  shock  initiation  is 
shown  to  occur  in  bare  explosive  for  small  diameter  Jets  in  certain 
situations  and  we  demonstrate  that  spall  from  jet  perforation  of  a  cover 
does  not  contribute  to  the  jet  initiation  of  Composition  B  across  an  air 
gaP' 

A  summary  of  likely  Jet  initiation  meehanis  ms,  their  operating  regimes, 
and  the  appropriateness  of  predictive  criteria  for  the  ^tonation  thresh¬ 
old  is  presented  in  tabular  form.  The  study  indicates  Jet  diameter 
limitations  in  the  application  of  Vfd  for  predicting  the  detonation 
threshold, 


INTRODUCTION 

Wo  have  previcualy  roportod  that  a  major 
mechanlBm  for  the  metal  Jot  initiation  of 
covered  exploaivo  ia  via  the  bow  wave  shock  set 
up  by  the  jet  penetration  of  the  explosive*'^  and 
a  predictive  criterion  for  the  detonation 
threshold  has  been  presented. However,  our 
recent  investigations  have  suggested  the 
existence  of  other  initiation  mechanisms  and 
there  is  support^  for  the  proposal'*^  that  for  jets 
with  small  diameters  with  respect  to  the  recep' 
tor's  minimum  detonation  diameter  the  impact 
shock  mechanism  on  bare  explosive  fails  and 
initiation  occurs  via  the  jet  penetration  bow 
wave  shock.  Also,  Held‘S  has  proposed  that  jet 
initiation  of  covered  explosive  is  controlled  by 
the  stagnation  pressure  at  the  Jet/oxplosive 


interface,  and  that  where  there  is  an  air  gnp 
under  the  cover,  the  spall  from  Jet  perfore* 
tion  contributes  to  Jet  initiation  and,  hence, 
affects  the  critical  velocity  for  the  detonation 
threshold. 

This  paper  reports  on  a  study  aimed  at 
assessing  the  alternative  proposals  for  the  jet 
initiation  of  covered  explosive  and  on  the 
status  of  predictive  criteria  for  the  detonation 
threshold.  The  approach  has  been  to  analyse 
the  progressive  pressure  profile  set-up  by  jet 
penetration  through  a  cover  and  underlying 
explosive  and  relating  the  results  to  measured 
jet  initiation  characteristics,  In  this  way,  we 
examine  the  existence  and  regimes  for  differ¬ 
ent  initiation  mechanisms.  The  study  includes 
further  results  on  the  effect  of  small  diameter 
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jets  on  bare  and  covered  explosivo,  and  an 
experimental  arsessment  of  whether  spall  from 
the  cover  contributes  to  jet  initiation  across  an 
air  gap. 

METHOD  OP  COMPUTING  JET 
PENETRATION  PRESSURE 
PROFILES 

We  have  calculated  tho  general  shape  of 
the  pressure  profile  of  the  jet  penetration  bow 
wave  In  diiferent  cover  materials  for  a  range  of 
jot  penetration  velocities  and  cover  thick¬ 
nesses,  deduced  the  corresponding  pressure 
profile  transmitted  to  the  explosive,  and 
assessed  the  general  shape  of  the  bow  wave 
pressure  proflle  set  up  in  the  jot  penetration  of 
the  explosive.  The  analysis  utilizes  tho 
standard  jet  penetration  equation^ 

(1) 

p  A 1  +  Y  / 

where  V,,  is  the  jet  penetration  velocity,  Vj  is 
the  jpt  velocity,  and  y  is  the  square  root  of  the 
ratio  of  target  density  to  jot  density.  Data  iVom 
Reference  7  was  used  to  determine  the  change 
in  particle  velocity,  u,  across  the  shock  and  the 
pressure  change,  P,  across  the  shock  was 
determined  from  the  expression 

P  =  puVp  (2) 

whore  p  is  tho  target  density.  This  assumes 
that  tho  bow  wave  shock  velocity  is  equal  to 
the  jet  penotration  velocity,  which  has  been 
supported  by  experimontal  data.^  Standard 
impedance  match  techniques  wore  then  used  to 
compute  the  pressure  delivered  to  tho  explo¬ 
sive.^  The  stagnation  pressure  Pb,  in  the 
target  (cover  or  explosive)  at  tho  interface  with 
the  penetrating  jet  was  determined  from  the 
Bernoulli  rolatlonshlp,** 

P,=  ipV^  (3) 

GENERAL  DESCRIPTrON  OP 
PRESSURE  PROFILES 

Jet  impact  on  tho  cover  forms  a  high  pres¬ 
sure  shock  over  a  small  area  that  can  initiate 
explosive  but  is  quickly  quenched  by  lateral 
rarefactions.  For  example,  a  copper  jot  with  a 


velocity  of  7  km/s  produces  an  impact  shock  of 
2600  kbar  on  a  steel  plate  (which,  unattenu¬ 
ated,  produces  a  IlUO  kbar  shock  in  Composi¬ 
tion  B  compared  to  a  liOrge  Scale  Qap  Test^'^ 
initiation  pressure  of  26  kbar)  but  which  is 
attenuated  within  a  few  Jet  diameters  to  a 
subcriticol  shock.  The  attenuation  process  hes 
been  demonstrated  by  Mader*  in  a  numerical 
modeling  study  of  a  1.6  mm  diameter  Jet  and  is 
supported  by  the  results  from  small  diameter 
projectile  initiation  by  Sturkenberg  et  al.^^ 
The  threshold  for  impact  shock  initiation  of 
bare  explosive  is  described  by  the  Huld^**^^ 
predictive  criterion 

V“<l  =  k,  (4) 

where  d  is  the  jet  diameter  and  ki  is  a  sensi¬ 
tivity  constant  for  the  explosive  receptor. 

As  the  impact  shock  rapidly  decays,  it  is 
overtaken  by  the  formation  of  a  pressure  wave 
in  front  of  the  penetrating  Jet.  If  tho  penetra¬ 
tion  rate  in  tho  cover  is  supersonic,  then  the  bow 
wave  will  form  a  shock  with  a  velocity  equal  to 
the  penetration  rate.  If  the  penetration  rate  is 
subsonic,  the  jet  will  be  preceded  by  a  ramped 
compression  wave  rather  than  a  shock.  For 
Plexiglas  covers,  the  bulk  sound  velocity  esti¬ 
mated  from  Hugoniot  data'^  is  about  2.3  km/s 
and  hence,  for  most  practical  situations  (Vj  > 
3.6  km/s),  jet  penetration  will  be  supersonic 
and  the  bow  v.’ave  will  form  a  true  shock  front 
[pressuro  defined  by  Kquation  (2)]  that  ramps 
up  to  the  stagnation  pressure  at  the  jet  tip 
[pressure  defined  by  Equation  (3)1.  For  alumi¬ 
num,  the  bulk  sound  velocity  is  about  5.4  km/s'^ 
and  hence,  fur  most  practical  situations  (Vj  < 
8.4  km/s),  jet  penetration  will  be  subsonic  and 
will  be  preceded  by  a  compression  wave  that 
ramps  up  to  the  stagnation  pressure.  Thus, 
plexiglas  and  aluminum  will  transmit  a  shock 
and  a  compression  wave  respectively  across  the 
interface  with  the  explosive. 

However,  tho  situation  in  steel  is  compli¬ 
cated.  Steel  has  a  high  elastic  sound  velocity  of 
about  6.0  kn\/B,  but  it  may  also  have  two 
distinct  and  slower  plastic  waves.  The  lower 
plastic  wave  has  a  minimum  velocity  of  about 
3.2  knVs,  BO  for  penetration  rates  between  3.2 
and  6  km/s,  steel  may  have  a  ramped  elastic 
compression  followed  by  a  plastic  bow  wave 
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shock.  This  is  shown  schematically  in  Figure  1. 
We  have  used  the  analysis  and  results  for  steel 
covers  to  examine  the  processes  responsible  for 
the  Jet  initiation  of  covered  explosive. 


DISTANCE 


Figure  /.  Schematic  Graph  of  Pressure  as  a 
Function  ofDietanceforaBow  Wave  in  Steel 

RELATIONSHIP  OF  PRESSURE 
PROFILE  TO  EXPLOSIVE 
INITIATION  CHARACTERISTICS 

If  a  bow  wave  shock  exists  in  the  cover 
plate  it  may  cause  initiation  when  trans¬ 
mitted  into  the  explosive.  Table  1  shows  the 
calculated  strength  of  the  plastic  bow  wave 
in  a  steel  cover  as  a  Ainclion  of  Jet  velocity.  The 


pressure  transmitted  into  Composition  B  is 
also  shown.  A  likely  example  of  this  type  of 
Initiation  is  shown  by  the  distance/time  plot 
in  Figure  2  produced  by  a  1.6  mm  diameter 
Jet  striking  a  12.5  mm  thick  steel  cover.  The 
data  was  obtained  using  multiple,  orthogonal 
flash  radiography  by  the  method  previously 
described.^  Note  that  the  Jet  had  not  reached 
the  explosive  when  detonation  commenced 
(thus  precluding  initiation  from  the  Jet  pene¬ 
tration  bow  wave  in  the  explosive)  and  the 
cover  plate  was  about  8  Jet  diameters  thick 
which  would  not  be  expected  to  support  impact 
shock  initiation.  The  Jet  velocity  at  the 
steel/explosive  interface  was  7.3  km/s  which 
Table  1  suggests  would  deliver  a  pressure 
in  Composition  B  from  the  bow  wave  in  steel  of 
about  17  kbar.  This  pressure  is  similar  to, 
but  a  little  lower  than,  typical  shock 
initiation  pressuros.*'’^  This  mechanism  is 
unlikely  to  be  responsible  for  defining  a 
predictive  criteria  for  the  detonation  threshold 
limit  since  initiation  can  take  place  at 
lower  Jet  velocities  by  other  mechanisms  (see 
later). 

In  the  explosive,  the  Jet  penetration  rate 
is  almost  always  supersonic,  so  a  bow  wave 
shock  always  forms.  Table  2  shows  the  bow 
wave  shock  pressure  as  a  function  of  Jet  velocity 


Table  1 .  Properties  of  the  Bow  Wave  in  Front  of  a  Copper  Jet  Penetrating  Steel 


Jet 

Velocity 

(knUs) 

Penetration 

Rate 

(km/s) 

Bow  Wave  Properties  in  Steel 

Pressure  Delivered  to 
Composition  B  by  Bow 

Wave  in  Steel 

Pressure 
at  end  of 
ramp  wave 
(kbar) 

Change  in 
pressure  across 
plastic  shock 
(kbar) 

Pressure 
at  end  of 
ramp  wave 
(kbar) 

Change  in 
pressure 
across  shock 
(kbar) 

4.0 

2.06 

* 

4 

* 

* 

6.0 

2.68 

* 

* 

* 

* 

6.0 

3.09 

* 

4 

* 

4 

6.6 

3.36 

133.0 

3.6 

36.0 

2.0 

7.0 

3.60 

133.0 

22.0 

36.0 

11.0 

7.6 

3.87 

133.0 

46.0 

36.0 

21.0 

8.0 

4.12 

133.0 

69.0 

36.0 

.32.0 

*  No  bow  wave  shock  forms  in  the  cover  plate. 
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Figure  2.  Space/Time  Plot  of  a  l.S  mm 
Diameter  Copper  Jet  Initiating  Composition  B 
Through  a  12, B  mm  Thick  Steel  Couer 


Table  2.  Properties  of  the  Bou}  Waue  in  Front  of 
a  Copper  Jet  Penetrating  Composition  B 


Jet 

Velocity 

(km/s) 

Penetration 

Rate 

(km/s) 

Bow  Wave 
Shock  Pressure 
(Kbar) 

4 

2.78 

6.9 

5 

3.48 

29.4 

6 

4.17 

69.8 

7 

4.87 

99.0 

8 

6.67 

147.0 

for  Composition  B.  The  calculations  were  done 
as  described  above,  but  the  particle  velocity 
behind  the  shock  was  determined  from  the 
Hugoniot  given  in  Reference  7.  The  analysis 
results  given  in  Tables  1  and  2  indicate  that  in 
most  cases  the  bow  wave  which  forms  in  the 
explosive  produces  a  higher  pressure  in  the 
explosive  than  does  the  bow  wave  from  the 
steel  cover  plate.  The  data  in  Reference  2 
confirms  this  conclusion,  indicating  that  fur 
Composition  B  covered  with  thick  steel  platus, 
it  is  the  bow  wave  that  forms  in  the  oxplosivu, 
not  the  bow  wave  which  forms  in  the  cover 
plate,  which  is  responsible  for  initiation  when 


the  Jet  velocity  is  close  to  the  critical  value  for 
initiation.  Since  a  bow  wave  shock  will 
normally  not  occur  in  aluminum  cover  plates, 
one  may  presume  that  this  ie  also  the  way 
initiation  occurs  in  explosive  covered  with 
thick  aluminum  plates.  Ramp  compression 
waves  are  less  efficient  initiators  than  shock 
waves;  this  has  been  demonstrated  by 
Setcholl*^  experimentally  for  rise  times  of 
about  0.3  ps  and  theoretically  by  Frey.’^*^ 

We  should  note  that  the  bow  wave  shock 
pressure  is  not  the  highest  pressure  that  the 
explosive  sees.  Behind  the  bow  wave  the  pres¬ 
sure  will  rise  to  the  stagnation  pressure  at  the 
jet/target  interface.  The  stagnation  pressure  is 
several  times  greater  than  the  bow  wave 
pressure.  However,  References  2  and  1 6  demon¬ 
strate  that  the  stagnation  pressure  does  not 
cause  initiation.  There  are  several  reasons  for 
this.  Firsti  if  the  bow  wave  does  not  initiate 
the  charge,  it  may  desensitise  the  explosive  as 
is  discussed  in  Reference  2.  Second,  at  the 
critical  condition  the  bow  wave  shock  pressure 
is  of  sufflciont  magnitude  to  cause  initiation 
(when  compared  to  other  shock  initiation  data) 
and  it  passes  through  a  given  plane  in  the 
explosive  a  few  microseconds  before  the 
stagnation  pressure.  Third,  the  pressurisation 
between  a  subcritleal  bow  wave  shock  front 
and  the  stagnation  point  is  a  ramp  formation 
which  is  not  an  efficient  initiator.**'*®  After  a 
Jet  enters  the  explosive,  some  time  is  required 
for  the  formation  of  a  bow  wave.  This  may 
account  for  the  considerable  distance  required 
for  this  type  of  Jet  initiation  of  covered 
explosive.  The  proposed  predictive  criterion 
for  the  detonation  threshold  from  bow  wave 
shock  initiation  is  similar  to  Equation  (4) 
except  that  the  sensitivity  constant  has  a 
considerably  higher  value.®'* 

We  have  examined  the  effect  of  the  transi  ¬ 
tion  from  supersonic  to  subsoniejet  penetration 
in  Composition  B  using  the  Ballistic  Research 
Laboratory  (BRL)  81  mm  diameter  shaped 
charge.  The  diameter  of  the  Jet  was  about 
3  mm  at  the  position  of  the  study  measure¬ 
ments.  The  approximate  point  of  detonation 
breakout  was  assessed  by  measuring  the  time 
of  arrival  of  either  the  Jet,  the  bow  wave,  or  the 
detonation  wave  at  planes  in  the  test  charge 
which  were  spaced  about  26.4  mm  apart.  The 
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test  charges  were  made  by  stacking  disks 
of  Composition  B  with  a  thickness  of  about 
26.4  mm.  Time  of  arrival  trigger  screens  were 
inserted  between  the  disks.  Two  sets  of  tests 
were  performed,  one  using  Composition  B 
disks  with  a  diameter  of  50.8  mm  and  the  other 
using  disks  with  a  diameter  of  101 .6  mm. 

The  time  of  arrival  data  was  plotted  on  a 
distance/time  plot,  as  shown  in  Figure  3.  in 
each  test,  there  was  a  straight  line  portion 
corresponding  to  the  relatively  slow  initial 
penetration  of  the  jet,  and  a  second  straight 
line  which  corresponded  to  detonation.  The 
point  of  intersection  of  these  lines  was  taken  as 
the  point  where  detonation  begins.  Before 
detonation  occurs  we  cannot  be  certain  what 
triggers  the  screens.  It  could  be  the  jet  or  the 
bow  wave  in  front  of  the  jot.  However,  since 
the  bow  wave  should  maintain  a  constant 
distance  from  the  jet  after  an  Initial  transient, 
the  moasurod  penetration  rate  may  be  nearly 
correct  in  either  case. 

The  distance  to  detonation  as  a  function 
of  cover  plate  thickness  is  shown  in  Figure  4 
for  both  sets  of  data.  A  separate  scale  on  Fig¬ 
ure  4  shows  the  calculated  value  of  the  average 
penetration  rale  of  the  jet  in  the  first  explosive 
disk.  Thu  distance  to  detonation  is  alightly 
longer  for  the  smaller  diameter  samples.  The 
smaller  diameter  sample  fails  to  delonale  at  all 
for  cover  plates  thicker  than  229  mm.  The 
larger  diameter  sample  continues  to  detonate 
for  264  mm  thick  cover  plates,  but  the  distance 
to  detonalion  increases  markedly  when  the 


tlM( 

Figure  3  Hun  to  Detonalion  Palhu  in  50. ft  mm 
Diameter  domposilion  H  Covered  by  HllA  Steel 
for  a  Jet  from  the  Si  mm  Diameter  Shai>ed 
Charge 


- 1 — I — I - 

2.63  2.66  2.54 

JET  PENETRATION  VELOCITY  ENTERING  COMPOSITION  B.  km/$ 

Figure  4,  Run  to  Detonation  Distance  Vs.  Cover 
Thickness  and  '  t  Penetration  Velocity 
Entering  Composition  B 

cover  plate  increases  from  229  to  264  mm.  The 
bulk  sound  speed  in  Composition  B  has  been 
i'eported  to  be  between  2.6  and  2.7  km/sec. 
The  cover  plate  thickness,  where  the  50.8  mm 
explosive  fails  to  detonate  and  where  the 
101 .6  mm  explosive  shows  the  marked  increase 
in  distance  to  detonation,  is  the  thickness 
which  reduces  the  penetration  rale  to  the  sonic 
point.  Thicker  covers  do  not  permit  initiation 
by  u  bow  wave  shock,  because  no  bow  wave 
shock  can  form  when  the  penetration  rate  is 
subsonic.  Therefore,  it  is  likely  that  the  initia¬ 
tion  which  occurred  in  the  larger  diameter 
explosive  with  a  254  mm  cover  plate  is  due  to  a 
mechanism  other  than  shock  initiation;  and 
the  abrupt  jump  in  distance  to  detonation  is  an 
indication  of  the  change  in  mechanism.  The 
very  long  run  to  detonation  may  indicate  a 
type  of  doflagralion  to  detonation  process. 

A  non  shock  mechanism  suggests  that 
jets  at  about  3  mm  diameter  may  be  the  upper 
limit  of  the  Vj^d  =  constant  type  of  predictive 
criteria  for  the  detonation  threshold.  There  is 
insufTicient  data  to  consider  an  alternative 
predictive  expression. 

SMALL  1)1  AMKTKRJKT 
INITIATION 

Wo  have  recently  reported^  support  for 
the  proposal'^  that  when  the  jet  diameter  is 
small  with  res|)ect  to  the  minimum  detonation 
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diameter  of  a  receptor  explosive  in  the  bare 
configuration  the  impact  shock  fails  and 
detonation  is  produced  by  the  jet  penetration 
bow  wave  shock.  This  mechanism  has  been 
further  investigated  using  a  0.76  mm  diameter 
copper  jet  from  a  16  mm  diameter  shaped 
charge,  H-6  receptors  and  multiple,  orthogonal 
flash  radiography.  The  series  of  flash  radio¬ 
graphs  in  Figures  6(a)  to  (d)  show  convincing 
evidence  :>f  the  jet  penetration  bow  wave  shock 
initiation  of  bare  H-6.  In  Figures  6(a)  and  (b) 


steel  barrier 


(a)  Jei  Impact  and  Penetration  of  H-S 
Without  Sustained  Detonation 


(c)  Onset  of  Detonation  With  o  Hun 
Distance  of  About  27  mm 


the  jet  is  observed  penetrating  into  the  bulk  of 
bare  H-6.  Figure  5(c)  shows  the  onset  of  deto¬ 
nation  and  in  Figure  6(d)  there  can  be  seen  a 
combination  of  established  detonation  and  the 
retonation  moving  back  through  the  H-6  that 
has  been  penetrated  without  initiation,  This 
sequence  of  radiographs  is  similar  to  that 
reported  for  the  1.6  mm  diameter  jet  initiation 
of  steel  covered  Composition  B.^  Failure  from 
the  projectile  impact  shock  has  been  exten¬ 
sively  modeled  by  Mader  and  Pimbley.^^ 


( b)  Jet  Penetration  into  the  Receptor  Charge 


(d)  Detonation  Established  and  Retonation 
Afooing  Back  Through  Penetrated  H -6 


Figure  5.  Flash  Radiographic  Sequence  of  a  0.75  mm  Diameter  Copper  Jet  Initiating  Bare  H-6 
Close  to  the  Detonation  Threshold  Condition 
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The  run  to  detonation  distance  in  !I-6 
close  to  the  detonation  threshold  was  about 
27  mm,  while  the  estimated  critical  jet 
penetration  velocity  was  3.8  krn/s.  which  is 
well  in  excess  of  the  bulk  sound  speed 
estimated  from  Hugoniot  data^^  as  2.8  km/s, 
i.e.,  jet  penetration  is  supersonic  with  bow 
wave  shock  formation.  Previous  ilrings^  using 
steel  covered  H-6  and  a  1.5  mm  diameter 
copper  jet  gave  a  critical  jet  velocity  of 
4,9  km/s.  This  gives  a  Vj^d  sensitivity  constant 
of  36  min^/ps‘  which  would  apply  to  jot 
penetration  bow  wave  initiation,  Ilowover,  the 
data  obtained  with  the  0.75  mm  diameter  jet 
and  bare  11-6  described  above  gave  a  critical  jet 
velocity  of  6.6  km/s  (from  Kquation  (1)  where 
Vp  =  3.8  km/s)  and  hence  a  signiricantly  lower 
sensitivity  constant  of  23  mm”/p8^,  The  effect 
of  the  0.75  diameter  jet  on  the  Imw  wave  shock 
initiation  threshold  has  been  estimated  for 
stool  covered  Composition  1).  The  critical  jot 
velocity  was  about  6.0  km/s  (Vp  =  4.2  lim/s 
in  Composition  B,  i.e.,  supersonic  penetration) 
to  give  a  Vj^d  sensitivity  constant  of  about 
27  mm'Vps^,  which  is  signidcantly  lower  than 
the  value  of  40  mm^/ps^  obtained  for  larger 
diameter  jets.  Thus,  both  the  ii-6  and 
Composition  B  results  for  the  0.75  mm 
diameter  jet  suggest  that  there  is  a  lower  limit 
to  the  use  of  Vj^d  ~  constant  criteria.  In 
practice,  the  lower  limit  may  not  bo  generally 
exceeded  since  high  velocity,  coherent  small 
diameter  jets  are  difficult  to  produce  since 
instabilities  are  readily  formed  by  quite  small 
fabrication  inhomogeneities. 

CONTRIBUTION  OF  COVKR 
PLATK  SPALL  TO  JKT 
INITIATION  ACROSS  AIR  GAPS 

We  have  previously  demonstrated  that 
air  gaps  between  a  cover  or  case  and  a  solid 
energetic  material  significantly  increase  the 
filling’s  jet  sensitivity,  i.e.,  air  gaps  are  highly 
sensiti/ing  to  jet  initiation.*'^  The  elTuct  was 
attributed  to  the  air  gap  dissipating  the  desen¬ 
sitizing  precursor  waves  (that  travel  ahead  of 
the  Jet  fruin  the  cover  into  the  energetic 
material)  and  allowing  the  jet  to  produce 
Impact  initiation  of  the  bare,  unstressed  nilina 
on  the  fur  side  of  the  air  gap.*^  Recently,  Held” 
confirmed  our  experimental  observations  using 


Composition  B  receptors  and  proposed  the 
alternative  explanation  that  the  filling  across 
the  air  gap  appears  more  sensitive  because  the 
jet  is  assisted  in  the  initiation  process  by 
fragmentation  spalling  from  the  underside  of 
the  cover.  If  the  latter  explanation  is  correct, 
then  current  hazard  analysis  and  predictive 
equations  are  inadequate  to  define  the 
detonation  threshold  for  air  gap  type  systems. 
We  have  carried  out  two  series  of  experiments 
to  test  the  alternative  proposals. 

In  the  first  series  of  experiments,  the 
critical  Jet  velocity  was  determined  for 
Composition  B  separated  from  covers  composed 
of  stoel  and  other  materials  by  a  15  mm  wide 
air  gup.  The  jet  was  generated  from  a  38  mm 
diameter  shaped  charge.  Critical  velocities 
were  determined  by  the  method  described  in 
Reference  2, 

Three  types  of  covers  wore  used  and  are 
illustrated  in  Figure  6.  These  consisted  of: 
steel  only;  steel  plus  6  mm  of  plexiglas  glued  to 
the  underside  of  the  steel  and  facing  the 
Composition  B;  and  'steel  with  a  4  mm  thick 
Kevlar  plate  separated  from  the  underside  of 
the  steel  by  a  6  mm  thick  air  gap,  with  the 
Kevlar  facing  the  Composition  B. 


cohpoiitioh 
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1 

*  • 

0  • 
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•  0  • 
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Fiifure  6.  Experimental  Arrangements  for 
Assessing  the  Effect  of  Spall  from  Various 
Covers  on  Jet  Initiation  Across  an  Air  Oap 


The  plexiglas  will  produce  lower  density 
spall  than  steel  and  if  the  spall  is  contributing 
to  the  initiation  process,  would  be  expected  to 
be  accompanied  by  a  significant  increase  in  the 
critical  jet  velocity.  The  Kevlar  is  a  spall- 
reducing  material,  and  its  use  would  also  be 
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expected  to  be  accompanied  by  a  sii^niricanl 
increase  in  the  critical  jet  veiocity.  Plash 
radiography  showed  that  the  small  amount  of 
steel  spall  produced  was  absorbed  by  the 
Kevlar.  The  measured  critical  jet  velocities  for 
each  test  arrangement  given  in  'I'ablo  3  are 
similar  within  statistical  limits  and,  hence, 
show  no  support  for  the  spall-assisted 
mechanism. 

In  the  second  series  of  tests  two  types 
of  experiments  were  curried  out  whereby  the 
jet  was  fired  at  60”  obliquity  to  the  steel 
barrier.  In  one  type  of  test  the  selected  barrier 
thickness  was  thin  (10  mm)  in  order  to 
maximize  the  amount  of  spall.  The 
Composition  B  receptor  was  positionud  15  mm 
directly  under  the  spall,  and  the  Jet  aimed 
to  miss  the  explosive.  This  arrangement 
allowed  investigation  of  massive  spall  (com¬ 
pared  to  that  produced  from  critical  jet  velocity 
tests)  but  no  jet  impact  on  the  explosive.  In  the 
ether  experiments  the  steel  barrier  was 
selected  so  that  the  jet  path  thickness  pro¬ 
duced  a  velocity  marginally  above  the  criti¬ 
cal  value  (barrier  thickness  66  mm,  jet  path 
length  130  mm),  the  explosive  was  placed  on 
the  projected  jet  axis  and  the  spall  arranged 
to  miss  the  explosive.  This  arrangement 
allowed  investigation  of  Jet  Initiation  without 


spall  (which,  even  so,  would  be  minimal  com¬ 
pared  to  that  produced  from  the  thin  barrier). 

The  results  of  the  massive  spall/no  jet 
explosive  impact  experiments  are  shown  by 
the  flash  radiograph  and  illustration  in 
Figures  7(a)  and  (b),  respectively.  The 
Composition  B  did  not  detonate  but  was 
recovered  as  iumps  showing  signs  of  surface 
melting.  Figures  7(a)  and  (b)  show  that, 
although  the  jet  missed  the  explosive,  the 
spall  cloud  made  direct  impact  with  penetra¬ 
tion  of  the  surface  (note  the  change  in 
direction  of  the  leading  edge  of  the  spall  cloud 
on  contact  with  the  explosive).  In  these 
experiments  the  spall  leading  edge  velocity 
in  the  direction  of  the  axis  of  the  Composition 
B  cylinder  was  measured  with  flash  radiog¬ 
raphy  to  be  about  3  km/s.  The  exit  hole  in  the 
steel  barrier  was  directly  above  the  Compo¬ 
sition  B  and  measured  about  25  mm  by  36  mm. 
in  a  variation  of  the  massive  spall/no  jet 
impact  experiment  the  plane  of  its  top  surface 
made  an  angle  of  about  60”  to  the  steel  plate. 
This  arrangement  was  designed  so  that  the 
leading  edge  of  the  spall  cloud  made  an 
approximate  planar  impact  with  the 
Composition  B.  Again,  the  explosive  failed  to 
detonate  or  show  significant  reaction  (see 
Figure  8). 


Table  3,  Critical  Steel  Thicknesses  and  Jet  Velocities  for  the  Initiation  of  Composition  li 
using  the  Experimental  Arrangements  Illustrated  in  Figure  6 


Critical  Steel  Thickness 

Critical  Jet  Velocity 
km/s 

Cover  System 

Moan 

mm 

□  60% 

mm 

Steel  only 

166 

8.8 

3.0 

Stcel/6mmPMMA 

160 

6.5 

2.9 

Steel/6  mm  Alr/4  mm  Kevlar 

145 

4.7 

3  1 

Steel  only 

( using  diiTerent  butch 
of  explosive  receptor 
charges) 

138 

2.6 

3.2 
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(a)  Flash  Radiograph  Showing  that  Intense 
Metal  Spall  from  the  Copper  Jet  Penetration  of 
a  Steel  Plate  Fails  to  Detonate  Composition  B. 
The  jet  missed  the  explosive, 


( b)  Schematic  Illustration  of  Result  of  Spall  but 
not  Jet  Impact  on  Composition  B 

Figure  7,  Flash  Radiograph  and  Result  of 
Spall 

The  jet  only/no  spall  explosive  impact 
experiments  using  thick  barriers  produced 
prompt  detonation  of  the  Composition  B  as 
shown  by  the  flush  radiograph  and  illustration 
in  Figures  9(u)  and  (b).  The  exit  hole  was 
about  6  mm  by  8  mm. 


Figure  8.  Flash  Radiograph  Showing  Spall 
Making  an  Approximate  Planer  Impact  on 
Composition  B  Which  did  not  Detonate,  The  jet 
missed  the  explosive. 

All  of  the  tests  reported  above  do  not  sup¬ 
port  the  proposal  that  the  spall  from  the  cover 
contributes  to  the  initiation  of  Composition  B 
across  an  air  gap  and,  hence,  support  the  use  of 
predictive  criteria  for  the  detonation  threshold 
based  on  Jet  velocity  and  diameter.  (The  results 
shown  in  Figure  6  whoro  small  diameter  jets 
were  fired  through  steel  across  an  air  gap  at 
bare  H-6  to  produce  detonation  deep  in  the 
explosive  also  support  the  proposal  of  initiation 
without  spall.)  Most  of  the  tests  were  curried 
out  at  the  critical  condition  where  initiation  of 
bare  Composition  B  occurs  promptly  close  to 
the  surface.  Thinner  covers  will  allow  higher 
velocity  jets  which  will  be  even  more  effective 
initiators  and  thus  spall  from  covers  below  the 
threshold  thickness  would  also  not  be  expected 
to  contribute  to  the  initiation  process. 

CONCLUSION 

The  study  supports  the  proposal  that  the 
bow  wave  shock  f^rom  the  jet  penetration  of 
the  explosive  is  an  important  initiation 
mechanism  for  determining  the  detonation 
threshold  of  covered  explosive.  Evidence  is 
presented  for  two  previously  unidentified 
initiation  mechanisms;  these  are  from  the  jet 
penetration  bow  wave  shock  transmitted  from 


(a)  Flash  Radiograph  Demonstrating  that  a  Jet 
Marginally  Above  the  Critical  Velocity 
Detonates  Composition  B  Without  the  Presence 
ofSpall 


(b)  Schematic  Illustration  of  Result  of  Near 
Critical  Jet  Impact  on  Composition  B  Without 
Spall 

Figure  9.  Flash  Radiograph  and  Result  of 
Near  Critical  Jet  Impact 

the  cover  to  the  explosive  and  from  large 
diameter  jet  subsonic  penetration  of  the  explo¬ 
sive.  The  latter  process  would  appear  to  set  the 
upper  limit  fur  the  detonation  threshold  for 
largo  jets.  A.  summary  of  likely  jet  initiation 
mechanisms  and  their  possible  operating 


regimes  is  given  in  Table  4;  the  table  also 
comments  on  the  application  of  the  appropriate 
criterion  for  predicting  detonation.  It  is 
proposed  that  the  Vi^d  criteria  operates  over  a 
limited  range  of  jet  diameters. 

Jet  penetration  bow  wave  shock  initiation 
of  bare  explosive  is  demonstrated  using  a  small 
diameter  Jet  and  flash  radiography.  An  experi¬ 
mental  study  supports  the  proposal  that  spall 
produced  by  the  jet  perforation  of  a  cover  does 
not  contribute  to  Jet  initiation  across  an  air  gap. 
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INITIATION  PHENOMENA  WITH  SHAPED  CHARGE  JETS 


Manfred  Held 
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Reaearoli  Department 
8898  Sohrobenhauaen,  WEST  GERMANY 


The  initiabitUy  of  uneonflned  high  exploeiue  charge*  by  shaped  charge 
jets  can  be  well  described  with  the  v^d-criterion,  For  covered,  but  still 
uneonflned  explosive  charges,  higher  threshold  values  are  measured. 
The  reasons  for  this  are  preshocking,  precompression,  different  loaded 
areas,  and  different  pressure  time  histories  of  the  acceptor  charge  in 
contact,  compared  to  an  arrangement  with  a  larger  air  gap.  Inversely, 
the  threshold  values  are  strong  decreasing  by  a  confinement  of  the 
acceptor  charge, 


HISTORY 

Tho  initiation  phenomena  to  Bhapod 
ciiarge  attack  of  high  explosive  charges  in 
particular  has  boon  investigated  over  many 
years.  Hut  the  number  of  papers  published  in 
the  open  literature  is  rather  limited.  In  1946, 
workers*  in  the  United  Kingdom  reported  on 
the  use  or  flash  radiography  to  study  the 
initiation  of  bare  tetryl  pellets  by  a  metal  jet 
generated  by  a  shaped  charge. 

In  1966,  Zernow  et  al.,^  us'ng  42'mm  ana 
106  mm  diameter  shaped  charges,  undert'^ok  a 
preiiminary  investigation  into  the  jet  itiitia- 
tiun  of  Composition  B  charges  oi  different 
length  either  bare,  or  with  va."ious  thicknesses 
of  steel  cover  plates  and/or  with  side  con¬ 
finement.  The  study  concluded  that  the 
coverplate  thickness,  explosive  charge  lengths, 
and  degree  of  confinement  alfected  the  jet 
initiation  of  the  explosive.  Photography  of  the 
exterior  of  the  charge  indicated  that  as  steel 
cover  plate  thickness  was  increased,  the  onset 
of  detonation  occurred  further  down  the 
charge.  The  limited  nature  of  the  investi¬ 
gation  did  not  allow  this  observation  to  be 
oxpiained.  Interpretation  of  the  results  was 
complicated  by  th>.  spread  of  results  obtained 
for  a  given  co\er  plate  thickness  and  length  of 
explosive. 

In  1968,  lleld^  reported  the  initiation  of 
bare  high  explosive  charges  by  jets  from 


shaped  charges  of  22  mm,  32  mm,  64  mm,  and 
96  mm  dlamoter.  It  was  found  that  the 
threshold  velocity,  v,  of  the  jet  particles  was 
related  to  the  jet  diameter,  d,  by  the  rela¬ 
tionship  v**d  ~  constant.  Held^  has  also  shown 
that  the  v^d-crlterion  for  detonation  has  been 
generally  confirmed  in  other  work  on  blunt- 
projectile  and  flying  foil  impact  tests  against 
various  high  explosives. 

In  1981,  Mader  and  Pimbley^  reported 
work  by  Campbell  using  bare  PBX'9404  and 
PBX-9602.  The  results  supported  Held's  v^d- 
critical  initiation  criterion  for  particulated 
jets.  Mader  modeled  the  process  numerically 
by  treating  the  jet  as  a  solid  cylinder  of  metal 
impacling  the  bare  explosive. 

Mader^  (1986)  has  well  summarised 
recent,  advances  in  numerical  modeling  of  jet 
initiation  and  penetration  of  explosives  using 
the  two-dimensional  Eulerian  hydrodynamic 
code  2  DB,  with  the  shock  initiation  of  hetero¬ 
geneous  explosive  and  the  Forest  Fire  burn 
model.  He  confirmed  theoretically  the  critical 
jet  or  projectile  velocity  for  initiation  propagat¬ 
ing  detonation  using  the  projectile  diameter 
and  the  Heid'*'^  critical  v*^d  expression. 

Chick  and  Hatt’^'***  (1981-1986),  using 
X-ray  flash  radiography,  have  reported  on  the 
initiation  of  covered,  but  otherwise  uneonflned, 
high  explosive  charges  by  means  of  the  jet  of  a 
38-mm  shaped  charge,  the  high  explosive 
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being  in  dirucl  contucl  with  the  cover  material 
in  some  of  the  experiments,  but  with  a  IS-mm 
air  gap  between  in  others.  It  was  found  that  an 
unconfined  high  explosive,  which  is  in  contact 
with  the  barrier,  requires  a  higher  Jet  velocity 
for  initiation  than  one  with  an  air  gap.  The 
v^d-criterion  for  attack  of  bare  charges  was 
also  confirmed  with  jets  of  38-mm  and  81 -mm 
shaped  charges,’’  and  replaced  for  covered 
charges  by  u  d,  where  u  is  the  crater  velocity. 
Critical  stool  cover  thicknesses  and  critical  jet 
velocities  fur  creamed  and  pressed  TNT, 
Composition  B,  H-6,  and  pressed  totryl  were 
also  measured.  A  summary  of  the  Australian 
opinion  on  jet  initiation  mechanism  fur 
covered,  but  unconfmed  high  explosive  charges 
is  given  by  Chick,  Wolfsan,  and  Learmonth’^ 
(1986). 

Vigil’”  (1985)  has  made  initiation  tests 
with  very  smalt  shaped  charges  (1.73  mm  to 
3,46  mm  cone  diameter)  against  a  few  types  of 
acceptor  charges. 

ileld’^'”’  (1987)  has  reproduced  the  tests 
made  by  Chick  and  liatt'^'”’  with  similar  siso 
shaped  charges  and  with  acceptor  high 
explosive  charges  having  a  similar  geometry 
and  sensitiveness.  However,  this  time  the 
diagnostic  instrument  was  not  KXR,  but  a 
simultaneous  framing  and  streak  recording 
rotating  mirror  camera.  To  demonstrate  the 
different  effects,  the  air  gaps  between  the 
barriers  and/or  the  acceptor  charges  were 
spaced  aitd/ur  interrupted  by  air  gaps. 

McAfee’”  0987)  has  obtained  similar 
streak  records  to  find  the  build-up  distances  or 
corner-turning  distances  (CTD)  for  the 
initiation  of  PHX-9602  by  the  copper  jet  from 
the  liAW  warhead  (66  mm  diameter,  42® 
angle).  Detailed  streak  measurements  are 
much  more  accurate  than  the  use  of  witness 
plates  only  to  indicate  the  promptness  of  the 
initiation  (Campbell^”). 


HllnOvM 
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Figure  /.  Experimental  Setup  of  Shaped 
Charge  with  44  mm  Diameter,  Harrier,  and 
Acceptor  Charge,  Either  Llnconftned  in  Contact 
to  the  Barrier  or  with  15  mm  Airgap,  or 
Confined 


tests  with  unconfined  charges  are  solely  to 
establish  the  threshold  between  a  "reaction" 
and  a  "detonation"  of  the  acceptor  charge,  i.e., 
a  measure  of  the  case  of  initiation  or 
"Initiablllty"  by  a  shaped  charge  jet.  With 
confined  high  explosive  charges  one  can  get 
also  the  threshold  for  no  reaction/reactlon— 
which  happens  only  for  very  Insensitive  high 
explosive  charges — or  the  threshold  for  loss 
powerful  reactions.  Figures  2  through  6  show 
selected  frames  and  the  corresponding  streak 
records  of  uncunfined  high  explosive  charges  in 
contact,  respective  with  an  air  gap  after 
barriers  with  different  thicknesses. 

KESUI/rS  WITH  UNCONKINKI) 
ACCEPTOR  CHARGES 


TEST  SETUP 

'I'he  test  setup  for  the  measurement  of  the 
initiability  of  an  unconflned  high  explosive 
charge,  covered  by  a  steel  block  either  in  direct 
contact  with  the  explosive  or  with  a  spociflcd 
air  gap  between,  and  of  a  confined  high 
explosive  charge  is  shown  in  Figure  I.  The 


The  experimental  results  regarding  the 
build-up  distances,  As,  the  run-up  times,  At, 
and  the  initiation  times,  tj,  for  the  two  different 
arrangements  of  the  barrier  relative  to  the 
unconflned  acceptor  charge,  as  a  function  of 
the  residual  jet  tip  velocity  after  the  barrier 
are  summarized  in  Figured  for  the  unconfmed 
acceptor  charge  in  direct  ctmtact  with  the 
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Figure  2,  Example  of  Individual  Franee  of 
Different  Harriett  at  Recorded  With  the  Cordin 
Model  330  Rotating ‘Mirror  Camera  at  About 
10^  Frames  per  Second,  The  barrier  thick- 
neseei  are  indicated  to  the  left  of  the  picture. 


Figure  3.  Streak  Records  of  the  Shaped  Charge 
Jet  Hitting  the  Harrier  (Left  in  the  Picture),  and 
Delayed  Appearance  of  a  Detonation  in  the 
Acceptor  Charge,  These  records  were  obtained 
simultaneously  with  the  individual  frames 
(Figure  2). 


Figure  4,  Samples  of  Individual  Frames  of  the 
Initiation  of  Acceptor  Charges  Arranged  16  mm 
BehindBarriers  of  Different  Thickness 


Figure  S.  Streak  Records  of  Shaped  Charge  Jet 
Impact  on  a  Barrier  (Left  in  the  Individual 
Pictures),  Exit  of  the  Jet  from  the  Barrier,  and 
Initiation  of  the  Acceptor  Charge,  Records  were 
obtained  simultaneously  with  the  individual 
frames  of  Figure  4. 


barrier,  and  in  Figure  7,  for  a  16  mm  air  gap 
belwcen  the  unconfined  acceptor  charge  and 
the  steel  barrier.*^  Chick  and  Ilatl'^  ®  (1981) 
also  have  roughly  dotermined,  with  the  help  of 
FXUs,  the  build-up  distances  and  delay  times 
for  the  initiation  of  unconfined  Composition  B 
as  a  function  of  the  cover  plate  thickness.  The 
build-up  distances  As  and/or  the  initiation 


times  tj  of  the  tests  with  the  charges  in  contact 
with  the  barrier  (only  for  these  wore  data  from 
Chick  and  Matt  available)  are  in  fairly  good 
agreement. 

Initiation  time  tj  is  defined  from  mea¬ 
sured  run-up  time  At  minus  the  time  to,  which 
is  necessary  for  the  detonation  wave  to 
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Figure  6.  liuild-up  Distance  /Us,  Run-up  Times 
At,  and  Initiation  Times  t^  as  Function  of  the 
Residual  Jet  Velocity  uj,  for  the  Arrangement 
with  the  Unconfined  High  Kxplosioe  Charge  in 
Contact  with  the  Harrier 


Figure  7.  Huild-up  Distances  As,  Run-up 
Times  At,  and  Initiation  Times  ti  as  Function  of 
the  Residual  Jet  Velocity  vj,  for  the  Arrange¬ 
ment  with  a  15-mm  Air  Oap  Between  the 
Unconfined  High  Explosive  Charge  and  the 
Harrier 


propugulu  from  Ihe  uxiy  to  Iho  surface  of  the 
charge.  (Id  =  Il/l),  where  II  =  radius  and  I)  = 
detonation  velocity  of  the  acceptor  charge.) 

Thu  unconfined  high  explosive  charge 
directly  in  contact  with  the  barrier  is  less 
easily  initiated  than  the  one  with  an  air  gap 
between.  The  reasons  for  this  are  as  follows: 

•  the  acceptor  charge  is  being  pre- 
shocked  by  preceding  waves  (in  the 
author's  opinion,  this  is  only  of  minor 
importance,  because  these  shock  waves 
are  comparatively  weak); 

-  the  high  explosive  is  pre-compressed 
by  the  bulging  of  the  barrier  plate  as 
the  shaped  charge  Jet  perforates  it; 

-  relatively  slow  loading  of  the  test 
charge  generated  by  the  bulging  target 
plate  and  by  the  pressure  of  the 
cratering  Jet  and  there  is  no  such  high, 


one-dimensional  pressure  as  in  the 
case  of  a  free  Jet;  and 

-  the  high  explosive  charge  in  contact 
with  the  barrier  is  exposed  in  a  smaller 
area  than  the  charge  with  an  air  gap 
between,  because  the  emerging  shaped 
charge  Jet  forms  a  large-urea  spray  of 
fragments. 

The  three  listed  effects  appear  to  be 
responsible  for  the  differences  in  initiability  of 
a  covered  and  an  uncovered  acceptor  charge. 
However,  the  test  setup  and  the  sensitivity  of 
the  acceptor  charge  might  also  play  a  critical 
role  as  to  which  of  these  three  effects  will  bo 
more  or  less  dominant. 

The  values  of  the  particulation  time,  tp, 
and  the  purticuluted  Jet  diameter,  dp,  are 
measured,  vj  and  tj  for  the  exiting  Jot  after  the 
barrier  were  calculated.  So  the  diameter,  dj,  of 
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the  exiting  jet  can  be  calculated  from  the 
following  equation: 

In  Figure  8,  a  representation  is  given  of 
the  build-up  distance,  As,  of  the  measured 
delay  times.  At,  and  of  the  initiation  time,  t|, 
as  a  function  of  v'^jdj  for  the  given  acceptor 
charge  in  contact  with  the  barrier,  and 
Figure  0  shows  analogous  relationships  for 
the  acceptor  charge  at  an  air  gap  of  15  mm 
behind  the  barrier, 

Surprisingly,  such  a  log-log  representa¬ 
tion  gives  a  straight  lino  in  first  approxima¬ 
tion,  and  As  and  t|  can  be  written  as  foliows 
for  the  case  of  the  high  explosive  charge  in 
contact  (Figure  8): 

As  ==  leOx  lO^lvj^dj)"** 
tj  =  16.8x  10'*(vjdj)“'^ 


Figure  H,  Jo,  Ji,  and  Ij  =  f  (v^jd)  for  the 
Arrangement  With  the  U nconfined  High  Kxplo- 
aiue  Charge  in  Contact  With  the  Harrier 


With  a  good  fit  of  the  measured  points, 
the  result  for  the  16-mm  air  gap  arrangement 
is  (Figure  9) 

As  =  373(vj*d^)~®'®‘ 

or,  still  in  fair  agreement  with  a  perhaps  more 
plausible  exponent: 

As  =  660(v?d;r‘ 

i  J 

The  measured  initiation  times,  t),  which 
show  an  even  greater  dispersion,  can  be 
described  approximately  by  the  equations 

t,  =  206(v®dj)"*‘^® 
t|  =  3600(vj’dj)~^ 

RESUI.TS  WITH  CONFINED 
ACCEPTOR  CHARGES 

A  few  tentative  trials  were  made  in  order 
to  determine  how  the  Initiation  behavior  would 
change  if  the  acceptor  charge  were  fully 


Figure  9  Jo,  At,  and  tj  =  f  (d‘jd)  for  the 
Arrangement  With  a  l5-mm  Air  Gap  Between 
the  Unconftned  High  Explosive  Charge  and  the 
Harrier 
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confined,  und  whore  Ihc  Ihroshuld  between 
roacliun  und  no  reaction  of  the  acceptor  charge 
would  lie  in  such  a  case. 

Results  of  four  trials  are  listed  in  the 
table  below; 


Harrier  with 

''j 

Type  of 

Confinement 

Imml 

|mm/ps| 

Reaction 

no 

4.1 

Dot. 

160 

3.6 

Det. 

176 

3.2 

Defl. 

200 

2.9 

Den. 

An  "unconilned"  high  oKploslve  charge 
behind  a  lOO-mm  barrier  and  in  contact  with  a 
lO-mm  cover  plate,  showed  no  detonation, 
whereas  the  confined  charge  came  to  a  full 
detonation.  The  same  occurred  also  after  a 
total  of  150  mm  had  been  perforated  (h'lg- 
ure  10).  A  violent  reaction  occurred  even  after 
a  total  distance  of  176  inin  hud  been  perforated, 
und  an  only  slightly  loss  violent  reaction  even 
after  a  total  perforation  thickness  of  200  mm. 

These  results  show  that  the  confined  test 
charge  will  be  detonated  by  a  lower  velocity 
residual  Jut  than  the  unconfinud  charge.  The 
limit  of  initiation  of  the  unconfined  charge, 
being  In  contact  with  the  barrier,  by  this  typo 
of  shaped  charge  was  found  to  be  4.8  mm/ps, 
while  the  confined  charge  is  still  initiated  by  a 
jet  having  a  velocity  as  low  us  3.5  mni/ps.  A 
very  violent  reaction  occurs  even  at  a  Jet  velo¬ 
city  of  approximately  3.1  mmyps,  the  evidence 
being  the  type  of  fragments  generated:  a  full 
doflugrution  is  still  obtained  with  Jot  velocity 
2.8  mm/ps  (Figure  1 1). 


DtfUgrillon 
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Figure  10.  Type  of  Reaction  a«  a  Function  of 
Barrier  Thickness  for  Unconfined  «  and  Con¬ 
fined  •  Acceptor  Charges 
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Figure  1 1 .  Type  of  Reaction  as  a  Function  of 
Jet  Velocity  for  Unconfined  <»  and  Confined  • 
Acceptor  Charges 


important  fact  that  unconfinud  charges  are 
suitable  only  for  establishing  the  initiabllity, 
because  the  perforating  Jet  and  the  internal 
reaction  It  causes  will  rapidly  destroy  the  tost 
charge. 

Confinement  holds  the  test  charge 
together  for  a  considerably  longer  time,  so  that 
a  reaction  that  starts  more  slowly  can  still  run 
up  to  a  full  detonutiun.  Therefore,  the 
threshold  between  detonutiun  and  reaction, 
and  the  threshold  between  reaction  und  no 
reaction,  will  In  the  case  of  a  confined  charge, 
of  course,  be  at  considerably  lower  Jot  penetra¬ 
tion  velocities. 

RKSULTS  WITH  PK0I»H:LLANTS 


The  times  for  a  reaction  in  the  case  of  an 
uiicunnnod  charge  must  be  relatively  short. 
The  high  explosive  charge  must  react  before  it 
is  broken  up  by  the  perforating  jet  and/or  by 
the  pressure  developing  internally  from  reac¬ 
tion  around  the  Jot  path.  Under  confinement, 
the  charge  has  much  more  time  to  react  und 
cun  come  to  full  detonation  through  a  DDT 
process. 

These  preliminary  tests  with  confined 
acceptor  charges  und  the  comparison  with 
unconfined  acceptor  charges  demonstrated  the 


In  the  open  literature,  few  tests  are 
published  relating  to  shaped  charge  attack 
against  propellants.  The  behavior  of  charges  of 
different  types  of  propellant  under  shaped 
charge  attack  has  been  investigated  by  the 
author. 

With  high  content  in  sensitivity  materi¬ 
als,  the  whole  of  the  composition  comes  to  full 
detonation  (Figure  12  (a)),  if  the  propellant 
was  less  sensitive,  only  that  part  of  the  sand¬ 
wich  which  has  a  smaller  angle  between  the 
jet-  and  detonation-direction,  came  to  full 
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detonation  (upper  part  in  Figure  12  (b))  and, 
ilnaliy,  with  much  leea  energetic  materials 
reaction  occurred  only  around  the  jet  (Fig¬ 
ure  12  (c)), 

The  conclueion  from  these  tests  is  that, 
depending  on  the  sensitiveness,  the  composi¬ 
tion  can  come  to  a  full  detonation,  or  a  partial 
detonation,  or  only  a  reaction  in  a  limited 
region  around  the  jet  impact. 

No  doubt,  the  initiability  is  also  corre¬ 
lated  with  the  critical  detonation  diameter  of 
the  tested  material.  The  jet  is  generally  very 


(c) 


Figure  12  (a)  through  (c).  The  Three  Possible 
Types  of  Reaction  of  Solid  Propellants  Under 
Shaped  Charge  Jet  Attack:  "Full  Detonation,’’ 
'^Partial  Detonation”  (in  the  Upper  Region  of 
Figure  12(h)  Only),  and  "Partial Reaction” 


small  in  diameter.  The  "stagnation**  pressure 
decreases  radially  and  follows  the  penetrating 
jot.  If,  over  a  dimension  less  than  the  critical 
detonation  diameter  of  the  material,  the  shock 
pressure  in  the  bow  wave  around  the  jet 
becomes  less  than  the  initiation  threshold 
pressure,  a  high-order  reaction  of  the  propel¬ 
lant  cannot  be  expected. 

If  no  detonation  results  from  the  shaped 
charge  impact  and  perforation,  no  doubt  exists 
that  a  burning  reaction  of  the  propellant  will 
occur.  Asay,  Ramsay,  and  Campbell^^  have 
described  this  behavior  quite  adequately. 
They  have  given  a  good  schematic  model 
(Figure  13)  which  helps  to  define  the  regions  of 
interest  in  the  case  of  detonation  failure. 

v®d  CRITERION 

The  v'^d  criterion  gives  the  critical  thresh¬ 
old  velocity  for  the  initiation  of  charges  of 
different  high  explosives  as  a  function  of  the 
diameter  of  shaped  charge  jets  or  projectiles 
(Figure  14).  Experiments  with  flying  foils  of 
different  diameters  and  theoretical  predictions 
are  also  Included. 

The  following  table  is  summarizing  the 
values  and  gives  the  used  references. 

In  early  experiments^  (1968)  with  shaped 
charges,  having  different  base  diameters  and, 
hence,  also  different  jet  diameters,  which  were 
fired  against  unconfined  charges  of  TNT/RDX- 
36/66,  the  critical  velocity  of  impact  was  found 
to  bo  inversely  proportional  to  the  square  root 
of  the  jet  diameter. 


Figure  13.  Failure  in  Propellant  Subject  to 
Shaped  Charge  A  Hack 
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Figure  14.  Threshold  Impact  Velocity  as  a  Function  of  the  Diameter  of  Shaped  Charge  Jets, 
Projectiles  or  Flyer  Foils  for  Different  High  Explosive  Charges 


Table:  Initiation  Criterion  u^d 


Typ«  ot 

vjd 

BaCannaa 

Bign  in 

HB 

(■■’/»*•) 

rigura  14 

HMAB 

3 

Htiatn  a. a." 

■ 

PBX  9404 

4 

Bahl  at.al" 

• 

ROX/Nax 

B 

orlffltha  a. a.** 

-• 

11/12 

m/MX 

« 

Hald’ 

♦ 

3B/68 

PITIf 

13 

Viflll” 

4 

(1.77) 
ceap.  B 

14 

Chlolc  a. a.** 

i 

Maulard'' 

4 

H6 

14.9 

Chiok  a. a." 

1 

Mtaihaat 

34-63 

Nalolcart** 

4 

C3 

9407 

40 

Vigil” 

4 

Tatryl 

44 

Vigil” 

4 

04 

44 

Waic)(art“ 

▲ 

T^TB 

104 

Haingart  a. a.” 

■ 

9S0a 

134 

caapall”'” 

Campbell  carried  out  tests  in  1978  and 
1979.*^  A  summary  of  these  tests  was  given  in 
1988,*® 

Vigil*®  (1986)  has  used  Jets  of  very  small 
shaped  charges  to  initiate  four  different 
secondary  explosives.  The  jet  velocities  varied 
between  3.6  and  6.6  mm/ps.  The  jet  tip  diam¬ 
eters  ranged  from  0.041  mm  to  1.1  mm.  The 
lateral  confinement  of  the  acceptor  explosive 
was  minimal.  The  threshold  initiation  param¬ 
eter  v®d  for  LX-13  (80  percent  PETN  and 
20  percent  Sylgard),  PETN,  PBX-9407,  and 
Tetryl  wore  experimentally  determined  to  be 
11,  13,  31,  and  44  mm®/ps,  for  copper  jets 
impacting  bare  explosive  acceptors.  The  lower 
values  for  the  LX-13  and  PETN  indicate  that 
these  two  explosives  are  more  sensitive  to 
jet  initiation  than  PBX-9407  and  Tetryl 
explosives. 
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Chick,  Bussell,  Kroy,  and  Boyce**  (1986) 
have  also  examined  Composition  B,  11-6,  PBX- 
9502,  and  pressed  TNT  with  Jets  from  38-mni 
and  81-mm  diameter  shaped  charges.  They 
looked  at  the  sensitivity  of  bare  and  covered 
unconPined  acceptors.  The  jet  diameter  was 
not  measured  for  each  firing;  a  diameter  of 
1,6  mm  was  assumed  fur  all  small  shaped 
charge  jets,  and  one  of  3  mm  for  the  largo 
shaped  charge  jets.  Nevertheless,  the  values 
are  within  the  range  of  the  other  data  (Fig¬ 
ure  12).  Important  is  the  fact  that  they  have 
shown  for  the  first  time  that  bare  high 
explosive  charges  can  be  initiated  by  a  jet  at 
about  half  the  tip  velocity  required  by  a 
covered,  but  unconfined  charge  attacked  by  a 
similar  jet. 

Weickert^^  (1987)  has  also  confirmed  the 
v**d  criterion  using  four  different  shaped 
charge  diameters,  namely  26.4-mm,  S0.8-mm, 
76.2-mm,  and  101.6-mm  against  relatively 
thin  layers  of  confined  high  explosive  charges 
in  motul/explosivo/mutai  sandwiches.  Two 
types  of  high  explosive  layers  were  used,  con¬ 
sisting  of  Detashoet  C  with  thicknesses  of 
1 ,07  mm,  3. 1 8  mm,  and  6.36  mm;  and  Composi¬ 
tion  C-4,  3.18  mm  thick.  He  Is  reporting  that 
his  shaped  charge  jot  particles  were  very 
irregular  in  shape,  or  were  multiple  particles. 
Still,  the  Oetonation/No  Detonation  results 
indicate  that  the  relation  v''*d  =  constant  can 
be  used  for  the  shaped  charge  jet  initiation 
confined  high  explosive  in  explosivc/metal 
sandwich  arrangements. 

The  v^d  criterion  has  also  been  confirmed 
for  projectile  impact  on  bare  high  explosive 
charges.  Griffiths,  Laidler,  Spooner^®  (1967) 
have  published  earlier  work  of  Whitbread  on 
the  threshold  velocities  with  projectiles  of 
12,7-mm,  10.67-mm,  8.13-mm,  and  6.60-mm 
diameter  against  charges  of  RDX/Wax  88/12. 
It  was  shown  that  the  length  of  the  projectile 
did  nut  affect  the  probability  of  detonation. 
They  have  tried  to  find  a  correlation  between  v 
and  r'^.  But  the  four  points  do  nut  make  a 
convincing  straight  line  on  the  diagram. 

Bahl,  Vantine,  and  Weingart^**  (1981) 
have  measured  the  initiation  threshold  of  bare 
and  covered  PBX-9404  and  an  IIMX/TA'I’B 
explosive,  called  l{X-26  AF.  Steel  projectiles  of 
fiat  and  rounded  fronts  were  used  in  the 


velocity  range  of  0.5  -  2.2  mm/ps.  All  thoir 
experimental  values  for  bare  high  explosive 
charges  of  PBX-9404  and  RX-26-AF  are 
presented  in  Figure  14.  The  regression  line 
gives  a  straight  correlation  for  the 
v^d-criterion.  Projectiles  with  rounded  front 
also  give  the  v*^d-criterion,  but  with  a  constant 
twice  as  high  (but  they  are  not  presented  in 
Figure  14). 

Moulard^*^  (1981)  has  made  additional 
tests  with  projectiles  of  rectangular  and  ring- 
shaped  front  ends.  If  those  areas  are  trans¬ 
formed  into  diameters  (representing  the  area) 
then  the  corresponding  points  arc  also  on  the 
v*‘*d-llno. 

Foil  tests  also  demonstrate  the  v'‘*d-crite- 
rion  if  the  flying  foil  thickness,  related  to  the 
diameter,  is  not  too  small.  The  ratio  should  bo 
greater  than  1/6.  Two  velocities  have  been 
added  to  Figure  14  from  published  papers  by 
Weingard^**  (1976)  who  had  used  0.266-mm 
thick  flyers  of  Mylar  against  TATB.  Hasman^® 
(1986)  has  published  the  critical  energy  for 
initiation,  using  flyer  diameters  of  0.6  and 
1  mm,  and  76-pm  thick  Mylar  foils  against 
HNAB  of  6  m  grain  size  and  1 .6  g/cm®  density. 

The  experimental  values  of  the  v'^d-crite- 
rlon  also  are  confirmed  by  the  numerical  two- 
dimensional  simulations  of  Mader,®'®  and 
Starkonberg,  Huang,  and  Arbuckle,^'*'**  The 
latter  values  are  also  given  in  Figure  14  for 
Composition  B,  and  correlate  very  well  with 
the  trend,  but  not  so  well  with  the  constants 
compared  to  the  experimental  data  fur  Com¬ 
position  B.  Also,  Green*”*^  has  made  relatively 
simple  considerations  fur  the  shock  and  release 
wave  behavior  and  has  found  a  good  correla¬ 
tion  to  the  v^d-criterion. 

CONCLUSION 

In  conclusion,  one  cun  say  that  fur  "jot 
attack"  uga'nst  unconfined  high  explosive 
charges,  the  v^d  crilerion  in  I'uct  describes  the 
detonation  threshold— initiubility — of  the  high 
explosive  charges  in  terms  of  the  threshold 
velocity  as  a  function  of  jet  diameter.  This  is 
confirmed  by  "projectile”  impact  results  which, 
however,  involve  larger  diameters  and 
correspondingly  lower  velocities  and  also  by 
"flying  foils,"  if  the  ratio  of  the  flying  foil 
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thickness  to  the  diameter  is  larger  than  1/5. 
This  criterion  is  also  confirmed  by  simulation 
of  the  high  explosive  charge  behavior  with 
numerical  codes. 
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SPHERICAL  PROJECTILE  IMPACT  ON  EXPLOSIVES 


Erie  N.  Perm  and  John  B.  Ramsay 
Los  Alamos  National  Laboratory 
Los  Alamos,  New  Mexico  87S46 


A  simple  relationship  between  the  critical  velocity  and  the  radius  of  a 
spherical  prct/ectile  that  initiates  an  explosive  charge  is  derived  by 
further  developing  the  shock  initiation  description  previously  used  to 
describe  flat-ended  prctjeetiles, ,  The  criterion  agrees  with  spherical 
impact  initiation  experiments  done  on  PBX-9404  and  Comp  B-3.  The 
validity  is  limited  in  that  it  considers  only  shock  initiation  from  the 
contact  shock  and  does  not  account  for  shock  wave  divergence  or  growth 
into  a  larger  bow-wave  structure.  It  is  also  limited  to  prcjectile  diam¬ 
eters  larger  than  the  failure  diameter  of  the  explosive.  The  criterion 
requires  Hugoniot  data  for  the  projectile  and  unreaeted  explosive,  the 
failure  diameter  of  the  explosive,  and  a  run-to-detonation/shock 
pressure  relationship.  The  calculation  can  easily  be  extended  to  other 
smooth,  blunt  projectile  shapes.  The  simplicity  illustrates  the  basic 
phenomena  associated  with  contact  shock  initiation  of  bare  explosive. 


INTRODUCTION 

Many  experiments  on  the  initiation  of 
explosives  by  projectile  impact  have  been  con« 
ducted.  The  results  of  these  tests  are  critical 
conditions  of  projectile  shape,  diameter,  and 
velocity  that  will  initiate  a  given  explosive. 
For  projectile  impacts  on  bare  explosive  (no 
intervening  plate  in  contact  with  the 
explosive),  experiments  have  shown  that  the 
conditions  for  initiation  can  be  fit  to  the  form* 
Ru'^  2:  k,  where  R  is  the  radius  and  u  the 
velocity  of  the  projectile.  The  parameters  n 
and  k  vary  with  the  explosive  and  the 
shape  of  the  projectile.  For  example,  in  the 
initiation  of  bare  PBX-9404  charges,  the 
initiation  region  for  flat-ended  rods  is  Ru^'^  2 
2.0,  whereas  for  spherical-ended  rods  it  is 
Ru^'^  2  9.6.  In  this  paper,  we  develop  a  sim¬ 
ple  analytical  initiation  criterion  for  spherical 
projectile  impact,  based  on  existing  initiation 


data  for  large,  well-supported  plane-wave 
initiation.  We  show  that  for  projectile 
diameters  larger  than  the  explosive  failure 
diameter,  the  initiation  of  bare  explosives  is 
well  described  as  a  simple  shock  initiation 
process  emanating  from  the  initial  contact 
between  the  projectile  and  the  explosive. 

Qreen^  described  a  simple  model  for  the 
initiation  of  explosive  by  flat-ended  rod 
impact.  He  included  the  areal  expansion  of 
the  shock  front,  coupled  with  the  decaying 
mean  shock  pressure.  If  these  effects  led  to 
initiation  of  the  explosive  over  a  diameter 
larger  than  the  failure  diameter  at  the 
distance  specified  by  the  run  to  detonation  for 
the  average  shook  pressure,  the  model  would 
predict  that  the  explosive  would  propagate. 
Otherwise,  the  impact  led  to  failure.  This  idea 
was  the  basis  for  the  development  of  the 
spherical  projectile  impact. 


*  Standard  terminology  is  v^d,  where  v  Is  the 
velocity  and  d  is  the  diameter  of  the 
projectile.  We  have  elected  to  use  u  for  the 
velocity  and  R  for  the  radius  to  maintain 
consistency  within  the  paper. 


THE  MODEL 

During  the  impact  between  a  sphere  and 
a  plane  surface,  the  phase  velocity  of  the 
intersection  locus  is  initially  Inflnite  and  then 
decreases  as  the  angle  between  the  two 
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BurfaceB  increases  to  90'^.  During  the  time 
that  the  phase  velocity  is  greater  than  the 
sound  speed  in  the  material  with  the  plane 
surface,  no  rarefaction  can  enter.  This  process 
provides  the  basis  for  the  model.  Consider  a 
spherical  projectile  entering  an  acceptor 
explosive  with  an  initial  velocity  ui,  as  is 
illustrated  in  Figure  1  (the  subscript  i  refers  to 
the  projectile,  whereas  subscript  0  refers  to  the 
explosive  (target)  variables).  The  distortion  of 
the  spherical  projectile  is  not  illustrated 
because  it  is  unnecessary  to  include  this 
process  in  the  model.  In  a  coordinate  system 
centered  on  the  spherical  projectile,  the  plane 
boundary  intersects  the  sphere  at 

X  =  Uit  ,  (1) 


the  radius  of  the  impacting  sphere  must  be 
larger  than  a  critical  value  in  order  to  shock 
an  explosive  area  of  radius  rr  with  a  shock 
unattenuated  by  lateral  rarefactions.  From 
Equations  (2)  and  (3)  we  Hnd  the  critical 
radius  as  a  function  of  Y,  uj,  and  cq  is 

R  =  Y(1  +  co^^/ui*)*^  .  (4) 

Lateral  rarefactions  begin  to  enter  the  accep¬ 
tor  at  the  time  that  the  intersection  velocity 
turns  subsonic.  Assuming  that  the  rarefac¬ 
tions  enter  at  45*  and  that  initiation  cannot 
occur  if  the  radius  unaffected  by  the 
rarefactions  is  less  than  the  failure  radius  of 
explosive.  Then 

Y  =  X*  -i-  rf  (6) 


with  t  chosen  so  the  explosive  boundary 
reaches  the  equator  at  time  t  =  0.  The  points 
of  intersection  between  the  plane  and  the 
sphere  are  given  by 

Y®  +  Ui^t*  =  r2  ,  (2) 

where  R  is  the  radius  of  the  spherical 
projectile.  The  condition  at  which  the  phase 
veiocity  of  the  intersection  point  changes  from 
supersonic  to  subsonic  along  the  target 
boundary  is  given  by 

dY/dt  =  -ui“tnf  =  CO  ,  (3) 

where  cq  is  the  sound  speed  of  the  explosive. 
Lateral  rarefactions  do  not  enter  until  the 
phase  velocity  is  less  than  cq.  Given  cq  and  ui, 


Figure  1.  Early  Phase  of  a  Spherical  Projectile 
Entering  the  Plane  Surface  of  an  Acceptor 
Material 


is  the  minimum  radius  of  the  surface  that 
must  be  shocked  before  the  phase  velocity 
turns  subsonic,  where  X*  is  the  run  distance  to 
detonation,  and  rf  is  the  self-conflned  failure 
radius. 

This  simple  model  is  based  on  the  initial 
impact  pressure  calculated  on  the  symmetry 
axis,  so  the  average  pressure  over  the  shock 
surface  is  overestimated.  Also,  the  model  does 
not  address  the  shock  divergence,  so  the 
region  of  shocked  material  is  underestimated. 
Both  of  these  compensating  errors  are  small 
for  large  radii;  however,  the  approximation 
wili  fail  as  we  approach  the  failure  radius. 
Indeed,  initiation  is  not  predicted  for  any 
radius  smaller  than  the  failure  radius.  To 
keep  the  initiation  criterion  simple  and  high¬ 
light  the  physics  of  the  model,  more  accurate 
estimations  of  these  two  parameters  were  not 
made. 

Using  Equations  (4)  and  (I )  we  obtain 
the  critical  projectile  radius  foi  .he  condition 
that  the  intersection  velocity  is  equal  to  the 
sonic  velocity  in  the  acceptor 

R  =  (X*  -I-  rr)(l  +  co^/ui**)*^-*  .  (6) 

We  can  reduce  the  equations  to  a  function  of  Uj 
only,  by  use  of  the  shock  Hugonlot  curves  for 
the  projectile  and  explosive  and  the  distance- 
to-detonation  relationship  (X*P*  =  b,  the 
"Pop  plot"),  where  P  is  the  shock  pressure  end 
a  and  b  are  parameters  dependent  on  the 
explosive. 
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There  are  two  release  mechanisms  to 
consider  in  impact  initiation.  The  first  is  a 
release  from  the  edges  (lateral  rarefactions) 
that  travel  in  at  the  sound  speed  along  the 
shock.  Another  release  wave  enters  through 
the  interface  between  the  acceptor  and  donor. 

The  eifect  of  this  latter  rarefaction  is  gener¬ 
ally  modeled  with  a  relationship,  where  i 
is  some  characteristic  time  thickness  of  the 
shock.  We  have  made  two  assumptions  about 
the  effect  of  these  rarefactions;  (I)  the  rear 
rarefaction  does  not  reach  the  shock  before  the 
lateral  rarefactions,  and  (2)  the  effect  of  the 
lateral  rarefaction  is  to  completely  quench  the  l- 
Initlation  at  the  affected  shock  front.  I 

In  the  limit  of  small  Uj/co  >  0,  Rqua-  ^ 
tion  (6)  reveals  that  a  relation  of  the  form  | 

Hu|<‘‘^“*  =  «ui)  (7)  I 

3 

is  appropriate,  where  f(ui)  is  a  continuous  ^ 
function.  As  Uj  approaches  0,  f(U|)  approaches  S' 
the  value 

f(0)  =  Co b((poCo)''  +  (pici)'*)"  , 

where  p  Is  the  density.  Fur  large  Uj,  R 
approaches  the  failure  radius,  rf,  The  relation 
Rui*‘ is  quite  similar  to  typical  experi¬ 
mental  relations  and  1  +  a  is  about  the  right 
sise  for  the  exponent  (fur  PBX-9404,  it  Is  2.64, 
compared  with  an  experimental  value  of  about 
2.6).  However,  HO)  is  nearly  twice  the  typical 
experimental  value  (for  PBX-9404,  (TO)  =  16 
instead  of  an  experimental  value  of  9.6)  With 
f(Uj)  varying  so  much,  use  of  approximationo 
to  evaluate  Kquatlon  (6)  would  create  sig¬ 
nificant  errors.  To  obtain  a  correct  compari¬ 
son  with  the  experimental  data,  Equation  (6) 
has  been  evaluated  by  simple  substitution 
ofui  and  X*  =  bP  “,  whore  P  is  the  shock 
match  pressure  corresponding  to  an  impact 
velocity  U|, 

COMPARISON  WITH 
KXPKRIMKNTAUDATA 

Comparison  between  the  calculation  and 
experiment  is  limited  because  no  body  of 
experimental  data  exists  that  Includes  both 
impact  of  spherical  projectiles  above  failure 
diameter  and  liugoniot  and  shock  Initiation 
data  for  the  same  explosive.  Figure  2  presents 
the  results  obtained  by  this  simple  model  and 


experimental  data  for  steel  spheres  impacting 
PHX-9404  reported  by  Buhl,  Vantine,  and 
Woingurt,^  and  by  Rice,^  One  datum  for  bull 
initiation  of  Comp  B-3  was  reported  by  Rico^ 
and  it  is  compared  with  the  model  in  Figure  3. 
The  parameters  used  for  the  calculations  are 
presented  in  Table  1 .  The  agreement  between 
the  experiment  and  the  calculation  for 
Comp  B-3  could  be  improved  if  Initiation 
parameters  were  changed  to  give  shorter  runs 
to  detonation,  as  Rice  found  necessary  to 


Radius  (mm) 

Figure  2.  Comparinon  of  Model  to  Expert- 
mental  Data  for  PHX-9404.  The  upper  curve  in 
for  a  failure  radius  of  0.59  mm  and  the  lower 
curve  for  0  mm  radius.  The  solid  and  open 
squares  are  the  go  and  nogo  points  from  Hahl  et 
al,  and  the  solid  triangle  is  the  go  point  from 
Rice. 


mental  Datum  for  Composition  H.  The 
experimental  value  was  obtained  at  Ballistic 
Research  Laboratory  and  reported  by  Rice. 
The  upper  curve  is  for  a  failure  radius  of 
2.14  mm  and  the  lower  curve  for  0  mm. 
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obtain  agreement  between  hie  numerical 
calculations  and  the  experimental  data  for 
Comp  B-3.  The  values  used  for  rr  are  for 
uneonilned  explosive.  The  values  appropriate 
to  the  model  may  be  smaller  because  of  con¬ 
finement  provided  by  the  shocked  explosive. 
The  effect  of  rf  on  the  model  is  shown  in 
Figures  2  and  3  with  plots  for  rf  =  0. 

DISCUSSION 

The  model  highlights  the  physical 
phenomena  connected  with  the  contact  shock 
initiation  realm  of  projectile  impact.  It  was 
not  intended  to  address  the  questions 
associated  with  radii  less  than  the  failure 
radius,  nor  does  it  address  the  possibility  of 
the  formation  of  a  Mach  stem.  Chick,  Bussel, 
and  Frey^  show  convincing  evidence  of  contact 
shock  initiation  when  the  ratio  of  failure 
diameter-to-projeetile  diameter  is  larger  than 
five.  The  classic  Ru^  relationship  does  not 
extrapolate  to  the  plane  initiation  conditions 
in  the  large-projectlle-diameter  limit.  The 
current  model  shows  how  this  transition 
occurs.  Green's  model  for  fiat-end  impact 
required  modeling  of  the  evolution  of  the 
shock  wave  to  match  experimental  data.  With 
this  hemispherical  impact  model,  it  has  not 
been  necessary  to  include  the  expansion  to 
obtain  reasonable  agreement  for  radii  larger 
than  failure  radius.  The  model  can  be  used  to 
estimate  behavior  for  attack  by  ogival-shaped 


(off-centered  spherical)  projectiles  whose 
diameter  is  larger  than  failure  diameter  and 
with  velocities  such  that  the  intersection 
phase  velocity  is  greater  than  sound  velocity 
in  the  explosive. 
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Table  1 .  Parameters  of  Materials  Used  in  Projectile  Impact  Model 


Material 

Density 

(g/cm®) 

Co 

(mm/ps) 

U,-Up 

Slope 

Pop-Plot* 

rf 

(mm) 

Exponent 

Constant 

Stainless  steel^ 

7.896 

4.569 

1.49 

• 

t 

1 

a 

1 

1 

1 

1 

PBX-9404® 

1.84 

2.494 

2.093 

1.54 

61 

0.59 

Comp  8-3*^ 

1.72 

2.31 

1.83 

1.34 

96 

2.14 

*  The  Pop-plot  form  is  P*X*  -  b,  where  P  is  pressure  in  OPa,  X*  the  distance  to  detonation  in  mm, 
and  a  and  b  are  parameters. 

^  Reference  4. 

'  Reference  5. 

Reference  3. 
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INITIATION  PHENOMENA 
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sure  time  history  in  the  acceptor  charge  in  contact  with  the  cover,  as  compared  with  an  arran¬ 
gement  with  a  larger  air  gap.  Preshocking  and  differences  in  the  impacted  areas  seem  to  have 
less  influence.  But  confining  the  acceptor  charge  reduces  the  initiation  threshold  noticeably. 
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barrier,  the  impact  on  the  HE -charge  and  the  initiation  of  the  acceptor  charge. 
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wo- 


Build-up  distances  As,  run  -  up  times  At  and  initiation  times  t,  =  f(v2d)  for  the  arrangements  with  the  unconfined  high  explosive 
charge  In  contact  with  the  barrier  (left)  and  with  a  15  mm  air  gap  between  the  unconfined  high  explosive  charge  and  the  barrier 
(right).  These  values  have  been  obtained  from  the  above  streak  records. 


Covered  HE  Uncovered  HE  Contact  Air  Gap 


50  mm  M.S  TNT  /  RDX  35  /  65  in  contact  L  =  30mm  50  mm  M.S  TNT  /  RDX  35  /  65  in  contact  L  =  40mm 


Selection  of  6  frames  and  the  associated  streak  records  obtained  simultaneously,  showing  the  reaction  behavior  of  an  acceptor 
charge  in  contact  with  a  50  mm  thick  steel  barrier  exposed  to  the  impact  of  a  shaped  charge  jet  (Vj  ^es.  =  5-5  mm/|is). 

In  a  30  mm  long  HE -charge  the  induced  reaction  stays  low  order  (left),  whereas  in  a  40  mm  long  HE -charge  it  builds -up  to 
a  detonation  (right). 


100mm  M.S  TNT /RDX  35/65  at  15mm  air-gap  Lr5mm  |  100mm  M.S  TNT /RDX  35/65  at  15mm  air-gap  L  =  20mm 
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mirror  facing  the  exit  surface  of  the  shortened  acceptor  charge. 
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The  above  diagram  of  the  threshold  impact  velocities  as  functions  of  the  diameters  of  the  shaped  charge  jet  (A),  projectile  (•), 
flyer  foil  (■)  and  from  FEM-calculations  (x)  for  different  high  explosive  charges  gives  a  clear  indication  of  the  validity  of  the 
v^- criterion. 
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In  this  paper  m  report  the  results  of  an  experimental  and  theoretical 
study  of  projectile  impact  into  covered  secondary  explosive  charges, 
Flat-ended  steel  projectiles  in  two  diameters  (13,15  and  20  mm)  were 
employed  to  determine  thresholds  for  detonation  in  charges  covered  by 
steel,  PMMA,  and  aluminum  barrier  plates,  Our  results  indicate  that 
for  impacts  through  barriers  below  a  critical  thickness  a  shock  initiation 
mechanism  dominates,  and  that  this  can  be  modelled  using  an  energy- 
per-unit-area  criterion,  For  barriers  in  excess  of  the  critical  thickness, 
our  results  provide  strong  evidence  for  initiation  by  a  non-shock  process, 


INTRODUCTION 

Studies  of  projectile  impact  on  explosives 
are  of  direct  relevance  to  weapon  vulnerability 
and  explosive  ordnance  disposal  studies.  For 
these  reasons  many  investigators  have  carried 
out  projectile  impact  studies  on  explosives  and 
there  have  been  a  number  of  attempts  at 
modelling  or  interpreting  the  results  of  such 
experiments.  Despite  these  efTorts,  there  are 
still  many  unknown  factors  concerning  the 
response  of  explosives  to  projectile  impact,  par¬ 
ticularly  when  the  explosive  is  cased  or  covered 
by  a  barrier  plate.  In  this  paper  we  report  new 
experimental  data  on  detonation  thresholds 
through  barrier  plates.  In  addition,  we  propose 
a  theoretical  Interpretation  of  those  results 
which  fall  in  the  shock  initiation  regime,  and 
discuss  the  possible  mechanisms  which  may  be 
responsible  for  initiation  outside  this  regime. 

The  response  of  a  bare  or  covered  explosive 
(covered  implying  no  confinement  apart  from  a 
protective  barrier)  to  the  attack  of  a  flat-faced 
projectile  is  determined  by  the  initial  impact 
shock.  This  response  Is  usually  either  'no  reac¬ 
tion,’  which  may  consist  of  some  local  burning 


but  no  blast  output,  or  detonation.  This  is  in 
contrast  to  a  cased  explosive,  which  can  give  a 
range  of  blast  outputs  up  to  and  including 
detonation  fVom  a  variety  of  stimuli.  These 
stimuli  include  the  initial  impact  shock,  but 
also  include  such  phenomenon  as  the  rapid 
plastic  working  of  the  explosive  material  near 
the  site  of  impact  due  to  projectile  penetration 
and  case  distortion.  The  confinement  of  tlie 
explosive  allows  the  buildup  of  reaction  that 
results  from  such  phenomenon  to  grow,  while 
the  same  reaction  would  be  quickly  released  in 
a  bare  charge.  Consequently,  a  cased  charge 
has  a  far  greater  complexity  of  response  to  the 
impact  of  a  flat-faced  projectile  than  its  bare  or 
covered  counterparts.  Although  the  majority 
of  experiments  discussed  in  this  paper  wore 
carried  out  with  cased  charges,  it  is  only  the 
detonatlon/nondotonation  threshold  with 
which  we  concern  ourselves  here,  and  we  do 
not  discuss  the  subdetonative  responses.  Simi¬ 
larly,  in  the  shock  initiation  regime,  we  have 
attempted  to  predict  the  detonation/nondet¬ 
onation  threshold,  but  not  the  level  of  response 
associated  with  nondetonation. 
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EXPERIMENTAL 

PB4  (a  plastic  explosive  containing 
88  percent  RDX)  has  been  the  principal  explo¬ 
sive  used  In  this  study,  although  some  addi¬ 
tional  work  has  also  been  carried  out  with 
tetryl  and  RDX/TNT  (60:40),  The  target 
charges  were  114  mm  long  x  57  mm  diameter, 
and  were  contained  in  a  9  mm  thick  mild  steel 
cylindrical  casing  open  at  one  end.  The  end  of 
the  charge  subjected  to  impact  was  either  bare 
or  covered  by  a  chosen  barrier  plate.  Three 
barrier  materials  have  been  investigated, 
namely  mild  steel,  aluminum,  and  PMMA. 
The  projectiles  employed  were  flat-ended  rods 
of  two  diameters  (13.16  and  20  mm)  but 
constant  mass  (27  g),  and  were  made  from 
hardened  steel  (condition  W).  The  projectiles 
were  housed  in  a  nylon  sabot  and  fired  from  a 
rifled  30  mm  HARDEN  gun.  This  system 
enabled  velocities  in  the  range  800  -  2000  m/s 
to  be  investigated  with  very  few  projectile 
stability  problems.  From  a  limited  number  of 
direct  comparison  experiments  we  have  con¬ 
ducted  between  rifled  and  smooth  bore  gun 
systems,  it  would  appear  that  detonation 
thresholds  are  not  significantly  influenced  by 
projectile  spin,  but  problems  with  yaw  are 
greatly  reduced. 

The  event  was  backlit  by  flashbulbs  and 
the  projectile  flight  and  explosive  reaction 
were  filmed  using  a  1/4  height  Fastax  camera 
operating  at  ca.  30000  fps.  In  addition  to 
providing  a  measurement  of  projectile  velocity, 
the  film  record  gave  an  indication  of  the 
response  of  the  explosive  and  enabled  a  check 
to  be  made  for  projectile  yaw. 

THEORETICAL  PREDICTION  OF 
EXPLOSIVE  RESPONSE 

The  theory  employed  is  bused  on  the 
critical  energy  criterion  for  bare  explosives 
postulated  by  Walker  and  Wasley,*  and  devel¬ 
oped  by  James^  to  cope  with  projectiles  such  as 
flat-ended  cylindrical  rods,  tt  is  assumed  that 
the  theory  is  valid  for  covered  explosives 
providing  that; 

a)  The  Initial  impact  shock  can  be  trans¬ 
mitted  into  the  explosive. 

b)  The  shock  mechanism  is  the  most  efll- 
cient  mechanism  for  initiating  explosives 


within  the  region  defined  by  a),  i.e.,  it  is  not 
possible  for  a  non-shock  stimulus,  produced  by 
a  projectile  which  is  below  the  requirements 
for  ^he  shock  threshold,  to  cause  detonation. 

If  either  a)  or  b)  does  not  hold,  then  the 
detonation  threshold  is  not  defined  by  a  shock 
mechanism,  and  is  not  described  by  the  theory 
given  below. 

The  theory  requires  the  explosive  to  have 
a  critical  value  of  energy-per-unlt-area  (Eo) 
which,  if  exceeded  by  conditions  within  the  ini¬ 
tial  shook,  causes  detonation.  It  is  postulated 
that  the  value  of  Ec  for  a  given  explosive  is  con- 
otant,  regardless  of  whether  the  charge  is  bare, 
covered,  or  cased.  Hence,  to  predict  the  detona¬ 
tion  threshold  the  theory  needs  a  value  for  Be 
(from  bare  charge  impacts),  the  values  of  shock 
parameters  in  the  explosive,  and  a  knowledge  of 
how  quickly  they  are  released  by  rarefactions 
from  free  surfaces.  The  importance  of  the  lattor 
requirement  is  that  It  determines  the  time  at 
which  the  maximum  impact  shock  energy  is 
deposited  in  the  explosive,  which  in  turn  is  the 
time  at  which  the  energy-per-unit-areu  (B)  is 
calculated.3  The  detonation  threshold  for  the 
covered  explosive  is  theoretically  determined 
by  impacts  which  give  E  equal  to  Re. 

It  should  be  noted  that  in  bare  charge 
experiments  the  Be  criterion  has  been  found 
not  to  apply  to  some  explosives,^  or  to  only 
opply  over  a  limited  impact  velocity  range  in 
others.^  Obviously  these  limitations  also  apply 
to  covered  experiments.  However,  the  criterion 
does  apply  to  a  sufflclent  number  ol  commonly 
used  explosives  to  make  its  adaptation  to 
covered  charges  worthwhile. 

THE  CALCULATION  OF 
ENERGY.PER-UNIT-AREA 

The  energy-per-unit-area  deposited  by 
the  Impact  shock  In  the  explosive  Is  calculated 
in  three  stages.  By  knowing  the  Hugoniots  for 
the  projectile,  barrier  plate,  and  charge 
material,  and  also  by  knowing  the  impact 
velocity,  the  shock  parameters  in  the  explosive 
can  be  calculated.  These  parameters,  plus  the 
barrier  thickness  and  projectile  diameter, 
allow  the  shock  diameter  at  the  case/explosive 
interface  to  be  calculated  at  the  start  of  shock 
transmission  into  the  explosive.  Finally,  by 
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Table  1,  HugoniotData 


finding  the  main  release  mechanism  for  the 
shock  volume  in  the  explosive,  the  time  at 
which  the  maximum  shock  energy  is  deposited 
in  the  charge  is  found.  The  value  of  E  is  calcu¬ 
lated  at  this  point  and  compared  to  Eg  to 
predict  the  explosive's  response. 

This  calculation  is  complicated  by  the 
presence  of  several  factors.  The  main  one  is 
identified  as  being  the  effect  that  the  rare¬ 
faction  in  the  barrier  has  on  the  behavior  of  the 
release  wave  in  the  explosive. 

The  release  of  tlie  shock  in  the  explosive 
is  determined  by  both  the  rarefaction  in  the 
barrier  reaching  the  barrier/explosive  inter¬ 
face,  and  those  release  waves  generated  at  the 
periphery  of  the  shocked  explosive  moving 
radially  inwards.  The  relative  importance  of 
these  two  sets  of  rarefactions  in  determining 
this  shock  boundary  will  be  discussed  in  the 
following  sections. 

CALCULATION  OP  SHOCK  CON¬ 
DITIONS  IN  THE  EXPLOSIVE 

Provided  that  flugoniots  are  known  for 
the  explosive,  barrier,  and  projectile,  the  shock 
conditions  in  the  barrier  and  explosive  can  be 
calculated.  If  all  throe  materials  ob^y  a  linear 
shocWparticIo  velocity  relationship,  a  straight¬ 
forward  algebraic  solution  can  be  obtained. 

Let  the  projectile,  barrier,  and  expiosive 
be  identified  by  subscripts  1,  2,  and  3  respec¬ 
tively.  Then  the  shockyparticle  velocity  rela¬ 
tionships  are: 

Wj  =  a,  -f-  b,  u,  ii  -  1,2,3}  ,  (1) 

where  w  is  shock  velocity,  u  is  particle  velocity, 
and  a,  b  are  constants  for  the  particular 
material. 

The  constants  used  to  obtain  the 
ilugoniots  of  materials  discussed  in  this  paper 
are  listed  in  Table  1 ,  and  sound  speeds,  Cj,  have 
been  calculated  using  the  Jacobs  approxi¬ 
mation,® 

CALCULATION  OP  RELEASE 
WAVES  IN  THE  BARRIER 

The  time  T  taken  for  the  initial  shock  to 
roach  the  barrier/oxplosive  interface  is  given 
by: 


Material 

Deniity 

(Mg/m*) 

a 

(km/a) 

b 

Ref. 

PBXS404 

1.834 

2.46 

2.63 

9 

RDXyWax  88/12 

1.66 

2.6** 

2.0** 

■ 

PE4 

1.6 

2.6** 

2.0** 

• 

MlldSUel 

7.84* 

3.696 

1.6863 

10 

Tantalum 

16,666 

3.43 

1.19 

11 

Aluminum 

2.68 

6.27 

1.37 

12 

PMMA 

1.196 

3.07 

1.12 

11-t- 

Polythene 

0.6 

2.9 

1.48 

12-f 

*  Deniitlei  for  PB4  axperlmenta  were  7.81  Mg/m^  for 
the  rod  end  7.78  Mg/m*  for  the  barrier, 

**  Estlmeted  values-  probably  close  to  actual  values. 
However,  values  of  derived  iVom  this  should  not  be 
treated  us  absolute  values. 

-t-  Values  for  a  and  b  derived  iVom  data  in  this  reference. 


T  =  d/W2  ,  (2) 

where  d  is  the  original  thickness  of  the  case. 
The  case  thickness  d*  at  time  T  is 

d'sdfWj-Ujp/Wjj  ,  (3) 

Taking  a  set  of  axes  that  are  stationary  rela¬ 
tive  to  the  rodAtarrier  interface  (and  so  moving 
at  ug  relative  to  laboratory  axes),  the  rare¬ 
faction  from  the  rod  periphery  forms  an  arc  of 
radius  cgT  at  time  'T,  providing  cg  is  greater 
than  or  equal  to  C].  This  arc  is  centered  on  the 
position  of  the  rod  periphery  at  the  time  of 
‘mpact.  Where  the  arc  cuts  the  barrier/explo¬ 
sive  interface  it  defines  the  shock  radius  (Rc)  at 
the  start  of  shock  transmission  into  the 
explosive.  Hence  the  general  equation  for  the 
arc  is; 

ICgif  =  x^-KRq-R)2  (4) 

where  x  is  the  vertical  distance  from  the 
rod/barrier  interface,  Ro  is  the  initial  rod 
radius  and  R  is  the  radius  corresponding  to  x. 
Substituting  d'  for  x  and  rearranging  allows  Rc 
to  be  found: 
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The  critical  case  thickness  (dc),  beyond  which 
no  initial  impact  shock  is  transmitted  into  the 
explosive  is  then  given  by: 

dc  =  RoW2/{c2^-[w2-u/}*'^  • 

It  is  assumed  that  dc  defines  the  limit  of 
the  shock  initiation  regime  for  a  given  com¬ 
bination  of  both  rod  and  barrier  materials, 
impact  velocity,  and  rod  radius.  It  should  be 
noted  that  detonation  due  to  shock  will  cease  at 
a  thickness  that  is  slightly  less  than  dc,  if  the 
Ec  criterion  is  applied.  The  reason  for  this  is 
that  a  given  value  of  requires  a  finite  shock 
radius  at  a  given  impact  velocity  (dc  corres¬ 
ponds  to  zero  radius),  and  radii  that  are  less 
than  this  (produced  by  barriers  of  thickness 
Just  below  dc)  will  produce  a  nondetonation. 

If  Cl  is  greater  than  C2,  then  the  overall 
shape  of  the  head  of  the  rarefaction  in  the 
barrier  is  changed.  However,  that  portion  of 
the  rarefaction  that  initially  intorsects  the 
explosive  Interface  still  originates  at  Roi  and 
hence,  is  still  defined  by  (6)  for  all  practical 
examples  studied  by  the  present  authors. 

The  Importance  of  Rc  is  that  it  deHnes  the 
maximum  radius  of  initial  impact  shock  that 
will  be  seen  by  the  explosive.  Consequently,  Rc 
plays  the  same  role  in  covered  charges  as  Ho 
does  in  bare  impacts.  However,  unlike  Rq,  Rc 
decreases  due  to  two  sets  of  rarefactions  run¬ 
ning  radially  inwards.  The  first  sot  originates 
in  the  explosive  at  the  periphery  of  Rc,  and  is 
analogous  to  those  found  in  bare  impacts.  The 
second  set  is  composed  of  the  rarefactions 
already  present  in  the  barrier  at  time  T.  The 
curvature  of  the  head  of  the  release  wave  in 
this  second  set  ensures  a  high  Initial  release 
rate  along  the  explosive  interface  as  the 
expanding  rarefaction  intersects  this  bound¬ 
ary.  At  early  times  after  T  the  release  along 
the  interface  is  usually  driven  by  this  rarefac¬ 
tion.  Only  at  later  times  can  rarefactions  in 
the  explosive  take  over. 

CALCULATION  OF  SHOCK 
VOLUME  IN  THE  EXPLOSIVE 

The  volume  of  the  initial  (i.e.,  1 D)  impact 
shock  in  the  explosive  is  determined  by  the 
depth  of  explosive  penetrated  by  the  shock,  and 


the  radial  cohtraction  caused  by  the  rare¬ 
factions  in  the  explosive  and  case.  The  critical 
energy  criterion  requires  that  the  energy-per- 
unit-area  R  is  calculated  at  the  time  when  this 
volume  reaches  a  maximum,^  i.e.,  when  the 
maximum  amount  of  initial  shock  energy  has 
been  transferred  to  the  explosive. 

The  depth  L  of  shock  penetration  is 

L  =  (Wjj-Ug)t  (7) 

where  t  is  the  time  after  the  shock  has  reached 
the  explosive  interface. 

The  calculation  of  the  radial  shape  of  the 
volume  is  rather  more  complicated  since  two 
sets  of  rarefactions  are  involved.  However,  a 
study  of  the  experimental  evidence  suggests 
that  a  simple  approximation  allows  a  reason¬ 
able  estimate  of  to  be  made  for  impacts  at 
the  initiation  threshold. 

Figure  1  shows  experimental  threshold 
data^  for  steel  rods  impacting  bare  and  covered 
PBX  94C4.  Shock  pressure  in  the  explosive  (P) 
is  plotted  against  the  "effective  diameter"  of 
the  projectile,  i.e.,  either  Do  or  Dg  (D  indicating 
diameter,  with  the  subscripts  as  tor  R),  depend¬ 
ing  on  whether  the  impact  was  against  bare  or 
covered  explosive.  It  can  be  seen  that  to  a  flrst 
approximation,  the  relationship  between  P  and 
Do  is  the  same  as  that  between  P  and  D^. 

If  the  barrier  rarefaction  played  a  signiD- 
cant  role  in  releasing  the  shock  conditions  in 
the  explosive,  it  would  be  expected  that  the 
pressure/diameter  relationships  would  differ 
between  bare  and  covered  impacts,  since  the 
release  mechanisms  would  be  different.  The 
fact  that  the  relationships  are  so  similar 
suggests  that  it  is  the  rarefactions  in  the 
explosive  that  largely  determine  the  explo- 
sivo’s  response.  This  is  reinforced  by  the 
experimental  observation  that  materials  that 
have  high  sound  speeds  do  not  necessarily 
provide  the  best  protection  against  shock 
initiation  resulting  from  projectile  attack,  for 
example.  References  7  and  8  (and  the  current 
work-see  next  section)  show  aluminum  as  not 
providing  as  good  a  protection  as  the  same 
thickness  of  steel. 
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Figure.  1.  Steel  Flat-Nosed  Rod  Impacts  into 
Rare  and  Covered  PBX  9404 


At  the  initiation  threshold  the  critical 
energy  criterion  requires: 


initial  radius  Rq,  while  at  the  same  time  grow¬ 
ing  in  length  at  velocity  wa-ua.  Although  the 
growth  in  length  is  correct,  both  the  constant 
radial  velocity  and  cylindrical  nature  of  the 
volume  are  known  to  be  approximations. 
Hence  (10)  should  be  used  with  care. 

From  the  previous  section  It  must  be 
realized  that  the  assumption  that  t  has  no 
dependence  on  barrier  rarefactions  is  an  over¬ 
simplification.  The  release  of  the  shock 
volume  at  times  soon  after  T  almost  certainly 
depends  to  some  extent  on  the  barrier  rare¬ 
faction.  Although  the  experimental  results 
indicate  that  the  overall  effect  of  this  rare¬ 
faction  cannot  be  great,  some  effect  is  present, 
as  a  close  study  of  Figure  1  shows.  Any 
initiation  boundary  drawn  through  the  data  in 
this  figure  would  almost  certainly  fail  to  com¬ 
pletely  separate  detonations  from  nondetona- 
tions,  The  problem  lies  in  determining  how 
much  of  this  is  due  to  experimental  uncer¬ 
tainties,  and  how  much  is  due  to  differences  in 
the  release  mechanism. 

The  strengths  and  limitations  of  the  sim¬ 
plified  model  described  above  are  demonstrat¬ 
ed  below,  where  its  predictions  are  compared 
with  experimental  data. 

RESULTS 


E  =  Ec  “  Pugi  (8) 

where  i  is  the  time  of  maximum  shocked 
volume,'^  in  this  instance  the  time  being 
relative  to  the  arrival  of  the  shock  at  the 
barrier/cxplosive  interface.  For  bare  impacts  t 
has  been  shown  to  be  Ro/Oca).  As  a  result  of 
the  similarity  between  the  bare  and  covered 
relationships,  it  is  assumed  that  to  a  first 
approximation 

i=R/(3c.,)  (9) 

c  3 


We  have  divided  the  presentation  of  our 
results  into  two  sections.  In  the  first,  we  de¬ 
scribe  the  experimental  results  appropriate  to 
the  shock  regime  and  compare  these  with  pre¬ 
dictions  based  on  the  theory  described  above. 
In  the  second  section,  we  discuss  the  results 
obtained  with  barriers  thicker  than  dc,  i.e.,  the 
non-shock  regime. 

THE  SHOCK  REGIME- 
COMPARISON  OF  THEORY 
WITH  EXPERIMENT 


for  covered  impacts.  Hence, 

E  =  Pu,R/(3cJ  (10) 

u  C  u 

and  E  =  E(.  for  threshold  impacts. 

The  relationship  for  i  described  by  (9)  is 
based  on  a  cylindrical  10  shock  volume  con¬ 
tracting  radially  at  constant  velocity  from  an 


Figure  2  compares  the  simple  theory  with 
experimental  data  for  steel  flat-nosed  rod 
impacts  into  PE4  protected  by  steel  and  alumi¬ 
num  barriers.  In  addition  to  the  barrier,  the 
explosive  was  contained  in  a  steel  case  as 
described  above.  For  bare  impacts,  only  the 
barrier  was  removed,  the  case  having  little  or 
no  effect  on  the  threshold  velocity. 
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Figure  2.  CompartHon  of  Theory  loltfi  Experi¬ 
ment  in  the  Shock  Regime  for  Steel  and 
Aluminum  Harriers  Covering  RE4 

In  the  Hguro  it  can  be  xcen  that  the 
experimental  data  followa  a  similar  pattern  for 
both  barriers.  Initially  there  is  a  linear  or  near 
linear  increase  in  threshold  velocity  with 
increasing  barrier  thickness,  followed  by  a 
sharp  rise  in  threshold  velocity  for  a  small 
increase  in  thickness.  Beyond  this  region  the 
velocity  levels  out,  giving  a  slower  increase  at 
greater  thicknesses.  However,  the  discussion 
here  concentrates  on  the  first  two  parts  of  this 
curve,  as  it  will  be  postulated  that  these  con¬ 
stitute  the  shuck  initiation  regime. 

The  threshold  velocity  for  the  bare  charge 
impact  lies  in  the  range  982-1034  m/s,  which 
corresponds  to  10^  values  of  2.04-2.26 
Since  the  constants  for  the  linear  shock/ 
particle  velocity  relationship  had  to  be 
estimated  for  PIi4,  it  should  be  noted  that 
these  values  of  lie  are  only  useful  for  com¬ 
paring  different  types  of  impact  which  use  the 
same  explosive  (although  the  absolute  value  of 
Ec  is  probably  not  far  from  that  given  above), 
The  theoretical  curves  shown  (in  Figure  2)  for 


both  barriers  use  Ee=  1 .92  which  corre¬ 

sponds  to  a  threshold  velocity  for  a  bare  charge 
of  960  m/s,  and  generates  the  best  overall  fit  to 
the  data.  The  shape  of  the  theoretical  curve 
follows  the  changes  in  the  experimental  data 
very  well.  The  steep  rise  in  the  latter  stages 
being  the  asymptote  of  the  theoretical  curve  to 
the  critical  thickness  do.  Prom  this  follows  the 
postulate  that  detonations  beyond  this  thick¬ 
ness  lie  outside  tFie  shock  initiation  regime. 

The  quantitative  predictions  of  the  theory 
are  reasonably  good  over  the  linear  portion  of 
the  experimental  data,  but  tend  to  diverge 
from  experiment  in  the  region  where  the  curve 
steepens.  In  this  region  shock  volumes  are 
small  and  their  behavior  may  be  heavily  in¬ 
fluenced  by  the  rarefaction  in  the  barrier. 
Alternatively,  the  energy  content  of  the  partly 
released  portion  of  the  shocked  explosive  may 
start  to  play  a  role  in  such  circumstances,  or 
the  critical  diameter  of  the  explosive  could  be 
affecting  the  results,  Further  work  is  needed 
to  identify  which,  if  any,  of  these  factors  con¬ 
tributes  to  this  portion  of  the  response  curve. 

It  should  be  noted  in  Figure  2  that  the 
experimental  value  of  threshold  velocity  fur 
the  1  mm  aluminum  barrier  lies  significantly 
below  the  bare  charge  value,  and  yet  appears 
to  be  consistent  with  data  from  thicker  bar¬ 
riers.  The  theory  shows  the  same  anomaly, 
which  is  explained  by  an  examination  of  the 
llugoniots  of  the  various  materials  involved. 
Figure  3  gives  a  diagrammatic  representation 
of  these  llugoniots  in  the  pressure,  particle 
velocity  plane. 

The  mirror  image  of  the  steel  Iluguniot  is 
used  to  represent  the  rod  since  it  has  already 
acquired  a  velocity  at  zero  pressure,  i.e.,  it  can 
be  considered  as  already  having  been  shocked 
and  released  to  a  free  surface  velocity  during 
launch.  On  impact  with  a  bare  explosive  the 
conditions  jump  from  A  to  B;  this  latter  point 
defining  the  11)  shock  conditions  in  the  ex¬ 
plosive.  If  a  steel  barrier  is  placed  In  contact 
with  the  explosive,  the  conditions  Jump  from  A 
to  C  in  the  rod,  and  from  0  to  C  in  the  barrier. 
The  conditions  in  the  barrier  undergo  further 
change  when  \.he  shock  reaches  the  explosive 
Interf^ace.  They  change  along  the  mirror  image 
of  the  barrier  line  about  C,  i.e.,  along  the  rod 
lino.  Henco,  the  final  conditions  in  barrier  and 
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Figure  3,  Illustration  of  Hugoniot  Plots  for 
Covered  Charges 

explosive  (for  calculating  the  II)  shock)  are 
again  to  be  found  at  R.  However,  if  an 
aluminum  barrier  is  used,  then  the  initial 
jump  is  from  A  to  D,  and  the  second  change  is 
along  the  mirror  image  of  the  aluminum  line 
about  D.  This  produces  a  11)  shock  condition, 
represented  by  E,  in  the  explosive  which  has  a 
higher  pressure  and  particle  velocity  then 
conditions  at  R.  Hence,  fur  thin  barriers, 
where  is  only  slightly  less  than  Rq,  the 
enhanced  value  of  Pua  means  a  lower  velocity 
than  that  needed  for  the  bare  charge  impact 
will  ensure  that  Is  exceeded. 

The  above  arguments  will  apply  to  any 
barrier  material  whose  Hugoniot  lies  between 
the  Hugoniots  of  the  projectile  and  explosive. 
Thin  barriers  of  all  such  materials  would, 
therefore,  be  expected  to  yield  enhanced  sensi¬ 
tivity  to  shock.  In  fact,  the  term  thin  could  be 
misleading.  It  should  bo  noted  from  Figure  2 
that  some  4-6  mm  of  aluminum  is  required 
before  a  threshold  velocity  comparable  to  the 
bare  charge  value  is  reached. 

Figure  4  shows  that  the  theory  appears  to 
cope  well  with  changes  in  projectile  diameter. 
The  barrier  was  aluminum  for  both  diameters 
of  projectile,  and  =  MJ/m^  was  used  for 
the  comparison  of  theory  with  the  two  sets  of 
experimental  data.  It  can  be  seen,  fur  both 
projectile  diameters,  that  detonations  continue 
to  be  observed  at  barrier  thicknesses  which  are 


clearly  in  excess  of  d^.  The  possible  mecha¬ 
nisms  operating  in  this  regime  are  discussed  in 
the  next  section. 

The  use  of  PMMA  barriers  (Figure  6) 
illustrate  some  limitations  of  the  simple 
theory.  Although  good  agreement  has  been 
achieved  between  the  shapes  of  the  theoretical 
and  experimental  curves,  the  theory  needed  a 
value  of  Ec=l.70  MJ/m^  in  order  to  obtain 
quantitative  agreement.  This  is  equivalent  to 
a  bare  charge  threshold  velocity  of  890  m/s, 
which  is  about  10  percent  lower  than  the  bot¬ 
tom  of  the  experimental  range.  Although  some 
of  this  may  be  accounted  for  by  experimental 
uncertainties,  it  seems  probable  that,  at  least 
for  this  material,  barrier  plate  rarefactions  do 
have  a  role  in  determining  the  behavior  of  the 
shock  volume. 

To  check  the  accuracy  of  the  simple  model 
in  dealing  with  different  materials,  experi¬ 
mental  data^  for  a  different  explosive  was 
compared  with  theory.  The  explosive  was 
RDX/Wax  88/12,  and  flat-nosed  steel  rods 
(Do- 12.7  mm)  were  used  to  impact  charges 
protected  by  a  variety  of  cover  plate  materials 
(d  =  3.176  mm).  The  range  of  Ec  values  (again 
not  absolute)  was  found  to  be  0.70-0.90  MJ/m^ 
from  the  impacts  of  four  different  diameters  of 
projectile  into  the  bare  explosive.  Table  2  lists 
the  experimental  data  for  the  covered  impacts, 
and  compares  it  with  the  predicted  threshold 
velocity  found  by  the  simple  theory  using 
FJc  =  0  82  M.J/m^  (the  average  value  of  the  bare 
charge  data). 


Figure  4.  Steel  Projectiles  of  Two  Diameters 
Impacting  PE4  Covered  by  Aluminum  Barriers 
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Figure  5.  Comparison  of  Theory  with  Experi¬ 
ment  for  PMMA  Harriers  Covering  PE4 


Table  2.  Com/xirison  of  Theory  with  Experi¬ 
ment  for  Impacts  into  Covered  RDX/WAX 


Cover 

Material 

Experiineiiul 
Throahuld  Vel. 
iin/i) 

Predicted 
Threehold 
Vel.  (m/hi 

% 

Dlfl'erence 

PMMA 

760 

79(1 

+  6.3 

Polythene 

H:2ti 

906 

+  9.6 

Steel 

847 

7;i(i 

13.8 

Aluminum 

719 

816 

-14.6 

The  predicted  threshold  velocity  lies 
within  the  range  ±16  percent  when  compared 
with  experimental  values--too  large  for  accur¬ 
ate  work,  but  adequate  for  a  Ursl  approxima¬ 
tion. 

THK  NON-SHOCK  RKGIME 

The  experimental  results  tor  l*K4  covered 
by  aluminum  barriers  (shown  in  Figure  4), 
provide  the  clearest  evidence  to  date  Tor  a 
change  in  mechanism  From  a  shock  to  a  non¬ 
shock  process.  Both  the  shape  of  the  curves 
and  the  theoretical  interpretation  given 
earlier,  strongly  suggest  that  the  detonations 


obtained  with  the  thickest  barriers  (i.e.,>7  mm 
Tor  a  13.16  mm  projectile  and  >16  mm  for  a 
20  mm  projectile)  were  not  as  a  result  of  shock 
initiation.  The  data  for  PE4  covered  by  PMMA 
barriers  (Figure  5)  shows  almost  identical 
behavior,  with  detonations  again  being 
observed  at  barrier  thicknesses  too  great  for  a 
primary  shock  mechanism  to  be  operating. 

A  considerable  number  of  experiments 
have  also  been  carried  out  with  RDX/TNT 
(60:40)  and  tetryl  using  the  13.16  mm  pro¬ 
jectiles.  Although  complete  curves  of  the  type 
shown  in  Figures  2,  4,  and  6  are  not  yet  avail¬ 
able,  detonations  have  again  been  observed 
outside  the  shock  initiation  regime.  With 
RDX/rNT  (open  cast  to  a  density  of  1.66  Mg/ 
m^)  detonations  were  observed  with  a  10  mm 
thick  steel  barrier  (threshold  velocity  ca. 
2000  m/s)-clearly  well  outside  the  shock 
regime.  Similarly,  tetryl  (pressed  to  a  density 
of  1.68Mg/m3)  has  been  detonated  when 
covered  by  a  15  mm  steel  barrier  (threshold 
velocity;  1605-1637  m/s). 

The  experiments  described  above  were  all 
carried  out  on  steel  cased  charges,  as  detailed 
in  Section  2.  To  see  if  this  casing  was  influenc¬ 
ing  the  detonation  threshold  in  the  non-shock 
regime  an  experiment  was  conducted  on  PE4 
contained  only  in  a  light  plastic  tube,  but  cov¬ 
ered  with  an  8  mm  aluminum  barrier.  Using  a 
13.15  mm  projectile,  detonation  was  achieved 
at  ca.  1606  m/s.  While  more  experiments  are 
needed,  this  is  sufficiently  close  to  the  threshold 
observed  for  the  cased  charges  to  suggest  that 
the  casing  has  not  influenced  the  initiation  to 
any  significant  extent.  Asa  consequence  of  this 
result,  it  would  appear  that  neither  interac¬ 
tions  with  the  buck  plate  nor  the  confinement 
afforded  by  the  steel  casing  play  a  significant 
part  in  the  initiation  process.  The  lack  of  any 
apparent  dependence  on  confinement  suggests 
that  onset  of  detonation  must  be  reasonably 
prompt.  The  Fastax  camera  records  show  det¬ 
onation  occurring  within  I  frame  after  projec¬ 
tile  impact,  which  puts  an  upper  bound  on  the 
delay  before  detonation  ofca.  33  ps.,  but  higher 
speed  instrumentation  will  be  needed  to 
explore  this  question  further. 

Ilowe*^  has  reviewed  the  evidence  from 
earlier  studies,  which  have  indicated  that  a  non¬ 
shock  process  may  be  controlling  the  initiation 


of  detonalion.  1 1  owe  concludes  that  a  macro¬ 
scopic  shear  process  is  probably  the  mechanism 
in  many  of  these  cases.  The  new  results  we 
have  presented  here  are  certainty  consistent 
with  such  a  mechanism,  but  considerably  more 
work  is  needed  before  any  firm  conclusions  can 
be  drawn, 

CONCr.USIONS 

The  experimental  and  theoretical  results 
we  have  given  provide  strong  evidence  that  at 
least  two  mechanisms  can  be  responsible  for 
the  projectile  initiation  of  detonation  in  some 
secondary  explosives.  For  impacts  through  thin 
barriers,  the  evidence  for  a  shock  initiation 
mechanism  is  almost  conclusive,  but  for  thick 
barriers  there  is  still  considerable  research 
needed  before  shear  or  some  other  process  can 
be  identified  with  any  certainty.  Our  future 
experiments  will  concentrate  on  a  more 
detailed  examination  of  initiation  in  this  non¬ 
shock  regime. 

We  have  shown  that  in  the  shock  regime 
the  simple  model  we  have  proposed  can  provide 
a  qualitative  explanation  of  trends  observed  in 
the  experimental  data,  and  a  first  approxima¬ 
tion  for  a  quantitative  fit  to  this  data  over  a 
large  portion  of  the  experimental  curve.  This 
fit  was  achieved  using  a  criterion  that  depended 
on  a  single  empirical  constant  which  may  be 
derived  from  bare  charge  impacts.  The  major 
weakness  of  the  model  being  that  a  poor 
quantitative  prediction  is  obtained  ut  large 
barrier  thicknesses. 

The  model  has  given  a  good  basis  for 
understanding  some  of  the  detailed  processes 
present  in  shock  initiation.  Even  with  the  scat¬ 
ter  in  predicted  velocities  seen  above,  it  still 
appears  that  case  rarefactions  are  a  correction 
rather  than  a  dominating  feature.  Work  is 
underway  to  refine  the  model  and,  hopefully, 
further  reduce  the  errors  in  prediction. 
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Senaitioity  of  exploaivea  and  propellanta  to  compreaaional  pulaea  ia 
conaidered  to  depend  primarily  on  the  P^t  and  P  parametera  of  the 
inputa  that  define  the  threaholda  of  reaction,  The  methodology  of 
plotting  aenaitiuity  eurvea  in  the  P^t  ua,  P  format  ia  ahown  to  lead  to 
curuea  with  two  aaymptotea,  each  of  which  repreaenta  a  fundamental 
property  of  the  exploaive  or  propellant.  Although  the  integral  of  P^dt 
doea  not  remain  conatant  along  the  aenaitiuity  curve,  it  ia  ahown  that 
the  integral  of  (P-Pj^dt  doea,  where  Pe  ia  a  critical  preaaure  above 
which  the  exploaive  ia  no  longer  elaatie.  Uaing  thia  methodology, 
modela  of  the  varioua  aenaitivity  teata  are  uaed  to  generate  eenaitivity 
eurvea  for  the  exploaivea  and  propellanta  for  which  there  are  aufficient 
teat  data. 


INTRODUCTION 

A  fundamental  question  to  be  answered 
when  working  with  the  parameters  of 
explosive  sensitivity  is  how  to  express 
sensitivity  data.  Bullet  impact  velocity  at  the 
threshold  of  reaction  may  be  the  quantity 
measured,  but  is  hardly  a  fundamental 
property  of  the  explosive  since  it  depends  on 
many  properties  of  the  bullet,  likewise,  a  gap 
test  threshold  cannot  be  considered  an 
explosive  sensitivity  parameter  since  it 
depends  on  at  least  the  details  of  donor 
geometry  and  on  gap  material  of  the 
particular  gap  test  employed.  What  is 
proposed  here  Is  a  methodology  of  treating 
compresslonally  induced  threshold  data  with 
P’^t  and  P  as  the  parameters  most  directly 
linked  to  fundamental  properties  of  explosives 
and  propellants.  Other  parameters  such  aa 
dP/dt  are  also  significant,  but  they  have  lesser 
quantitative  influence.  Further,  correlations 
and  presentations  of  data  become  unduly 
complex  If  more  than  two  parameters  are 
considered  simultaneously.  Another  factor 
favoi'ing  the  selection  of  P  t  and  P  is  that  the 
typical  plot  of  experimental  data  in  the  P^t  vs. 
P  format  leads  to  two  asymptotes,  each  of 


which  proves  to  be  a  physically  satisfying 
property  of  the  explosive. 

In  the  past  several  years  P*t  or  P^t  has 
gained  acceptance  as  a  criterion  of  explosive 
reaction  thresholds.  However,  the  P*t  data 
developed  by  flyer  plate  tests  does  not 
necessarily  agree  with  P^t  threshold  data 
obtained  from  the  various  gap  tests,  nor  with 
bullet  impact  data,  nor  with  aquarium  test 
data.  In  general,  the  P*t  threshold  values 
appear  to  Increase  as  the  loading  duration 
increases  or  as  the  peak  input  pressure 
decreases.  In  this  paper,  the  P^t  criterion  is 
modified  (as  has  been  done  by  Stresau  and 
Kennedy  in  Reference  1)  to  account  for  the 
phenomenon  that  compressive  energy  is  not 
absorbed  appreciably  by  the  explosive  until 
the  pressure  exceeds  some  threshold  value,  Pc, 
perhaps  equal  to  the  Hugoniot  Elastic  Limit. 
When  the  threshold  test  data  are  correlated 
using  the  integral  of  (P-Pc)*dt,  with  Pc  of  the 
order  of  0.1-0.3  QPa  for  COMP  B,  PBX-9404, 
TNT,  and  Tritonal,  this  integral  is  fairly 
constant  for  the  various  laboratory  tests  cited 
above.  Further  evidence  for  the  existence  and 
magnitude  of  Pc  is  afforded  by  the  fact  that  a 
simple  compressive  model  of  the  long  duration 
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Premature  Simulator  predieto  pre-reaction 
stresNes  and  decelerntions  accurately  using 
the  explosive's  elastic  bulk  modulus  until  the 
reaction  thresholds  are  reached  at  pressures  of 
the  order  of  0.3  OPa.  It  is  after  the  elastic 
portion  of  the  explosive  column’s  compression 
that  plastic  deformation  occurs  and  thermal 
energy  is  deposited  in  the  explosive.  Integra¬ 
tion  of  P^dt  results  in  very  high  values,  but 
integration  of  (P  Pel^dt  yields  results  close  to 
those  obtained  by  short  duration  tests  such  as 
flyer  plate  tests. 

In  order  to  deal  directly  with 
experimental  data  and  not  be  forced  to  make 
assumptions  on  the  magnitude  of  Pg,  a  method 
of  presentation  of  sensitivity  data  has  been 
developed  for  the  purpose  of  presentation  in  a 
format  that  permits  superposition  of  explosive 
sensitivity  and  input  parameters  and  also  for 
the  purpose  of  correlating  threshold  data 
produced  by  experiments  with  a  variety  of 
laboratory  test  devices.  Reaction  threshold 
data  resulting  from  the  various  tests  are 
expressed  in  terms  of  P^t  and  P,  leading  to 
sensitivity  plots  with  two  asymptotes.  The  P 
asymptote  is  of  the  order  of  0.3  OPa  for  many 
explosives,  hut  it  may  be  much  higher  for 
some  insensitive  propellants,  and  it  is 
approached  by  test  data  iVom  long  duration 
devices  such  as  the  Army's  Activator  or  the 
Navy's  Premature  Simulator.  The  P^t 
asymptote  is  approached  by  flyer  plate  data, 
gap  test  data,  and  bullet  impact  data.  The 
sensitivity  curve  between  the  asymptotes  may 
be  based  on  test  data  firom  bullet  Impact  tests, 
gap  tests,  and  the  aquarium  test. 

Another  utilitarian  value  of  the  P'^t  vs.  P 
plot  of  an  explosive’s  sensitivity  is  that  a 
munition’s  inputs  to  the  explosive  in  an 
operational  situation  (target  impact,  sym¬ 
pathetic  detonation,  etc.)  may  be  plotted  para¬ 
metrically  in  the  same  format.  Intersections 
of  the  munition  input  plot  and  the  explosive's 
sensitivity  curve  permit  rapid  estimation  of 
the  threeholds  of  explosive  reaction. 

THE  PH-P  SENSITIVITY  CURVE 

Figure  1  contains  a  sensitivity  curve 
for  Comp  B,  expressed  in  terms  of  the 
peak  pressure  and  loading  duration  inputs 
to  the  explosive.  The  curve  approaches  a 


16  QPa^-microsecond  asymptote  and  an 
approximately  0.4  OPa  asymptote.  Input 
compressive  pulses  with  P^t  and  P  lying  in  the 
zone  above  and  to  the  right  of  these 
asymptotes  will  elicit  energetic  reactions; 
those  in  the  sone  below  and  to  the  left  of  the 
asymptotes  will  not  produce  reactions. 

Note  that  two  data  points  are  shown  in 
the  short  duration  (less  than  one 
microsecond),  high  pressure  region,  one  point 
in  the  Intermediate  region,  and  one  point  in 
the  long  duration,  low  pressure  region.  These 
points  represent  test  data  obtained  from  flyer 
plate  tests,  gap  tests,  and  Premature  Simulator 
tests,  respectively.  Figure  2  contains  plots  of 
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Figure  1,  Explosive  Sensitivity  Curve  for 
Comp  B 
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Figure  2.  Cross  Plots  of  Laboratory  Test 
Outputs  and  Explosive  Sensitivity  Curves 
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the  P*t  ve.  P  inputs  delivered  by  various 
test  devices,  as  well  as  sensitivity  curves 
for  several  explosives  in  addition  to  Comp  B. 
The  laboratory  tests  represented  in  Figure  2 
are  considered  to  deliver  primarily  com- 
pressional  energy  to  the  explosive  being 
tested;  therefore,  their  test  results  may  be 
correlated  for  purposes  of  establishing 
empirical  values  of  critical  P^t  and  P  for  each 
explosive. 

MODELS  OP  THE  SENSITIVITY 
TESTS 

In  order  to  locate  threshold  sensitivity 
test  data  on  the  P^t-P  plot,  as  in  Figure  2,  it 
was  necessary  to  develop  engineering  models 
of  the  various  laboratory  tests.  The  flyer  plate 
modoi  is  the  simplest,  with  pressures  deflned 
by  the  Hugoniot  relationships  of  the  flyer 
plate  material  and  the  explosive  being 
impacted,  and  duration,  t,  deflned  as  follows: 

t*2h/C  (1) 

where  h  is  plate  thickness  and  C  is  stress  wave 
velocity  in  the  plate  material.  Note  that  the 
curves  in  Figure  2  have  been  fotred  through 
many  threshold  datum  points,  including  a 
wealth  of  flat-bullet-induced  data  on  PBX- 
9404  reported  by  Bahl  et  al.  in  the  Seventh 
Symposium  (International)  on  Delunalion. 
The  details  are  reported  in  Reference  8. 

The  NOL  Large  Scale  Gap  Test,  shown 
schematically  in  Figure  3,  has  been  calibrated 
thoroughly  for  P  vs.  width  of  the  PMMA  gap, 
as  reported  in  Reference  2.  Ijoading  durations 
have  not  been  well  calibrated.  Therefore,  a 
semi-empirical  model  of  t  (loading  duration) 
has  been  developed  by  making  use  of  data 
(from  Reference  3)  on  total  impulse  delivered 
to  an  extended  plane  slab  by  detonation  of  a 
cylindrical  charge  in  contact  with  the  plane. 
Figure  4  contains  a  curve  of  impulse  vs.  liD  of 
the  cylindrical  charge,  taken  from  data 
obtained  with  4  -  2  pound  ciiarges  of  pressed 
TNT  and  reported  in  Reference  3  together 
with  correction  factors  to  be  applied  when 
using  other  explosives.  Effective  loading 
duration,  also  shown  in  Figure  4,  has  been 
calculated  from  ttie  impulse  data  assuming  an 
exponential  decay  from  26  OPa  to  the  pres¬ 
sure  when  90  percent  of  the  impulse  has  been 


Figure  3,  Charge  Aieembly  for  N0L‘L80T 


Figure  4.  Duration  of  Loading  in  Qap  Teate 

delivered  to  the  plate.  In  addition,  it  was 
asBunied  the  loading  area  on  the  extended 
plane  slab  grew  from  the  original  area  of 
contact  to  an  area  consistent  with  expansion  of 
the  cylinder  according  to  gamma  equal  to  2.85. 
The  loading  duration  curve  for  Figure  4  was 
used  to  develop  the  P^t  curve  for  the  NOL 
LSQT  as  presented  in  Figure  2. 

The  aquarium  tost  utilizes  a  sphere  of 
cast  pentulite  as  a  pressure  source,  as  shown 
in  Figure  6.  Acceptors  are  held  at  various 
distances  from  the  donor  charge,  with  R/Rq 
ranging  from  approximately  2  to  6. 
Photographic  observations  of  the  donor’s 
shock  wave  and  the  acceptor’s  reactions  are 
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used  to  calculate  the  preaaure  delivered 
to  the  acceptor  and  the  onset  of  reaction  of 
the  acceptor.  Initiation  thresholds  may  be 
estimated  by  plotting  the  data  and  by 
extrapolating  the  curves  down  to  zero,  as 
shown  in  Figure  6  (taken  from  Reference  4), 
Pressure  in  the  explosive  vs.  R/Ro,  as  well 
us  t/Ro  (from  Reference  6,  where  t  is  the 
time  for  the  incident  wave  to  decay 
exponentially  from  Pq  to  Po/e),  are  plotted  in 
Figure  ,7-  These  curves  are  used  to  calculate 
the  P^t  vs.  P  curve  in  Figure  2  for  the 
aquarium  test. 

The  Premature  Simulator  was  developed 
by  the  U.S.  Navy  (Reference  6)  to  simulate 
the  mechanical  shock  experienced  during 
setback  accelerations  on  gun  launch.  Figure  8 
shows  schematically  the  one-pound  sample 


^itf  eoNos 
ISADIUS«41  mml 


Figures,  The  Aquarium  System 


of  explosive  inside  the  test  projectile.  It  is  a 
free  fall  drop  tester.  When  the  projectile 
strikes  the  steel  plate  anvil  (on  which  may  be 
placed  various  stopping  pads  designed  to 
lengthen  the  pressure-time  pulse  delivered  to 
the  explosive)  the  projectile  is  brought  to  rest 
quickly,  and  the  explosive  sample  is 
compressed  as  the  vehicle’s  large  mass  (in  the 
300  to  1,100  pound  range)  is  brought  to  rest 
more  gradually  using  the  explosive  as  a 
"cushion.”  Pressures  as  high  as  1  QPa  can  be 
developed,  with  pressure  buildup  times  hrom 
about  1  to  16  milliseconds,  measured  by  the 
pressure  gauge  shown  in  the  plunger.  For 
stoel-on-steel  drops,  the  following  analysis 
assumes  deformations  of  only  the  explosive 
sample. 


Figure  7.  Pressure  and  Duration  in  Aquarium 
Test 


Figure  8.  Aquarium  Data  on  Heaction  Thresholds 


Figure  8,  The  Premature  Simulator 


When  the  simulator  assembly  strikes  the 
steel  anvils  the  assumption  is  made  that 
the  test  projectile  containing  the  explosive 
sample  is  brought  to  rest  instantaneously 
while  the  massive  body,  acting  through  the 
plunger,  continues  downward  at  velocity  Vq. 
The  steel  plunger  with  density  p,  and,  wave 
speed  Cg  strikes  the  explosive  with  density 
p,  and  wave  speed  Ca,  generating  a  stress 
wave  in  the  explosive  with  pressure  Pwi  as 
follows: 


_  P.C.Vq 
«  ■  I  +  p.c,/p.c. 


For  a  40  foot  drop  with  Vq  -  60.6  ft/sec 
with  Pa  =  7.8,  Ca  =  17,000  ft/sec,  Pa  =  1.7,  and 
Ce  -  6,000  fVsec,  Pw  =  .046  QPa.  The  low 
intensity  of  this  stress  wave  insures  that  there 
will  be  small  losses  of  energy  as  the  wave 
progresses  down  the  explosive  sample’s 
length.  When  this  first  wave  strikes  the  base 
of  the  steel  test  projectile,  a  reflectod  wave  is 
generated  in  the  explosive  with  th<i  following 
intensity: 


P/P 


w 


1  -  p  C  /p  c 
1  +p  C  /p  c 


Until  this  reflected  wave  reaches  the 
explosive-plunger  interface,  the  plunger  has 
been  decelerating  under  a  pressure  of 


0.046  OPa.  After  two  transit  times  (of  the 
order  of  100  microseconds)  of  stress  waves  in 
the  4.76  inch  column  of  explosive,  the  plunger 
experiences  an  added  pressure  of  0.033  QPa, 
for  a  total  of  0.078  QPa.  As  soon  as  waves 
reflect  from  the  rear  of  the  body  and  plunger, 
however,  the  plunger  loses  some  velocity  and 
then  generates  less  than  the  initial  0.046  QPa 
input  to  the  explosive.  In  this  fashion  the 
plunger  is  decelerated  approximately 
exponentially,  with  discontinuous  jumps  in 
deceleration  amplitude  about  every  100  micro’ 
seconds.  Analyses  of  such  deceleration 
processes  have  been  made  by  Cauchy,  Poisson, 
St.  Venant,  and  others  in  the  1860  •  1885  era, 
as  described  in  Reference  7. 

During  the  period  when  the  plunger  is 
being  decelerated,  the  explosive  sample 
experiences  similar  stepwise  increases  in 
pressure  due  to  the  reflected  waves,  and  . 
Anally  decreases  in  pressure  as  the  plunger 
mass  is  being  brought  to  rest.  This 
discontinuous  process  can  be  shown  to  be 
approximated  reasonably  well  by  treating 
the  column  of  explosive  as  an  elastic  spring 
and  the  plunger  as  a  rigid  body.  If  the  initial 
height  of  the  column  of  explosive  is  h,  its 
cross-sectional  area  is  A,  and  its  modulus 
of  elasticity  is  E,  the  pressure  in  the 

explosive  is  related  to  its  deflection  X  as 
follows; 

P  BX/h  (3) 

The  equation  of  motion  of  the  mass,  M,  is 
as  follows; 

d®X/dt*  +  AEX/hM  =  0  (4) 

Solving  this  equation  with  the  initial 
conditions  X  =  0  and  dX/dt  ==  V  when  t  >  0: 

X  =  Vaincot/w  (6) 

where  u  =  (AB/hM)^.  The  peak  pressure  is 
reached  when  the  mass  is  brought  to  rest  at 
time  ti; 

tj  =  n/2w  =  in(hM/AE)*  (6) 


Pj  =  EV/wh  -  (2gHEM/'Ah)*  (7) 
where  H  is  the  height  of  drop. 
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For  the  one  polin'!  ot^mple  of  explosive 
used  in  the  premature  simolator,  h  = 
4.76  inches  and  A  -  3.90  square  inches  (an 
average  of  areas  that  vary  from  4.40  to 
2.60  square  inches).  Modulus  E  is  takf<n  as 
800,000  psi.  Figure  0  shows  the  comparison  of 
Equation  (6)  for  rise  time  and  Equation  (7)  for 
peak  pressure  with  experimental  calibration 
data. 

The  Premature  Simulator's  energy 
output  may  be  calculated  with  the  pressure  vs. 
time  relationship  Pa/Pj  =  sin  int/ti,  where 
the  integral  of  P^dt  is  equal  to  iPi^ti.  The  P^t 
vs.  P  plot  for  the  1,100  pound  Premature 
Simulator  is  shown  on  Figure  2. 

THE  THEORETICAL 
SENSITIVITY  CURVE 

It  is  postulated  that  an  explosive 
responds  elastically  to  compressional  inputs 
(as  is  assumed  by  using  the  elastic  modulus  E 
in  the  analysis  of  the  Premature  Simulator) 
until  the  pressure  reaches  a  critical  pressure, 
Poi  above  which  compressive  energy  is 
absorbed  until  the  integral  of  (P-Po)^dt 
reaches  a  critical  value  for  that  explosive,  at 
which  time  an  energetic  reaction  occurs. 
Figure  10  illustrates  this  process  for  half^sine 
compressive  Inputs,  showing  threshold  input 
pulses  and  the  resulting  sensitivity  plot  which 
makes  use  of  the  integral  of  P'dt.  The 
question  to  be  answered  by  theoretical 
analysis  is  whether  or  not  there  U  a  value  of  Pc 
for  which  the  integral  of  (P-Pc)^dt  is  constant 
over  a  wide  range  of  peak  input  pressures.  For 
P/Pl  =  sin  nt/ti  (appropriate  for  the 
Premature  Simulator),  this  integral  is  as 
follows: 

/(P-P^.)=*dt/Pjtj  =  i(l-2t  Aj)(l+2PJ/Pj) 

+  (l/2n)Binn(l  -2t  /t.) 

c  1 

-(4P/nP,)8tn*n(l~2t/t,)  (8) 

0  1  Cl 

Figure  11  is  a  plot  of  input  Pi^ti  vs.  Pi, 
both  normalised,  that  produce  constant  val¬ 
ues  of  the  integral  of  (P-Pe)^dt  between  tc 
and  ti-lc.  This  plot  may  be  used  to  evaluate 
the  adequacy  of  the  model  by  correlating  the 


Figure  9.  Outputs  of  Premature  Simulator, 
Steel  Anvil,  1100  Pounds,  Filler  E 


pmsifttfiTv  mieut 


Figure  10.  Threshold  Inputs  and  Sensitivity 
Curve 


Figure  11.  P^t  for  Constant  Integral  of  (P- 
P^l^dt,  Half -Sine  Pulses 
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empirical  explosive  sensitivity  data  pre¬ 
sented  in  Figure  2.  Note  that  these  sensitiv¬ 
ity  curves  pass  through  more  data  points  in 
the  short  duration  regime,  where  flyer  plate 
data  are  available,  than  in  the  long  duration 
regime  which  depends  primarily  on  Pre¬ 
mature  Simulator  data.  This  is  the  ration¬ 
ale  for  normalising  the  ordinate  of  Figure  11 
by  dividing  by  impulsive  (very-short-duratlon) 
Pi^t],  which  is  estimated  as  the  asymptotic 
value.  To  calculate  P^  from  the  sensitiv¬ 
ity  curve  data,  values  of  Pj  and  Pi^t  are 
taken  from '  the  empirical  curves  of  Fig¬ 
ure  2,  Pi^ti  is  divided  by  the  asymptotic 
value  of  Pi^t,  Figure  11  is  entered  at 
this  ratio  in  order  to  obtain  Pi/Pc,  and 
Pc  is  calculated  with  the  appropriate  value 
of  Pi. 

Figure  12  contains  plots  of  Pq  vs.  Pi  for 
each  of  the  four  explosives  of  Figure  2, 
calculated  in  this  manner.  The  solid  curves 
correspond  to  the  data  on  the  plots  of  Figure  2. 
Since  the  calculated  Pc's  are  not  constant,  and 
since  the  plotted  values  follow  systematic 
trends,  the  curves  are  extrapolated  down  into 
the  low  pressure  regime  in  order  to  find  each 
curve's  Intersection  with  the  P^.  -  Pi  line.  The 
results  are  highly  approximate,  for  at  least  the 
following  reasons; 

(1)  Bach  datum  point  on  each  sensitivity 
curve  of  Figure  2  was  obtained  by 
testing  explosive  samples  with  some¬ 
what  diflerent  properties,  since  the 
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Figure  12,  Estimation  of  Pq  from  Explosive 
Sensitivity  Curves 


samples  were  prepared  at  different 
facilities  at  different  times. 

(2)  The  curves  presented  in  Figure  2  were 
faired  through  the  scatter  of  the  three 
or  four  points  of  data  for  each 
explosive. 

(3)  The  Premature  Simulator  delivers 
half-sine  pressure  pulses  to  the  test 
samples,  the  flyer  plates  deliver 
square  waves,  while  the  NOL-LSQT 
and  the  aquarium  test  deliver  com¬ 
pressive  pulses  with  less  idealised 
shapes.  To  evaluate  the  constancy  of 
Pc,  the  half-sine  model  was  applied 
to  all  points  along  the  sensitivity 
curves  of  Figure  2.  This  procedure 
introduces  a  source  of  error  into  the 
correlation  process,  since  Equation  (8) 
and  Figure  1)  apply  only  to  the  half¬ 
sine  pulse  shape. 

Because  of  these  sources  of  inaccuracy, 
the  curves  in  Figure  12  must  be  considered 
order-of-magnitude  estimates,  with  Pg 
estimated  to  be  in  the  0. 1-0.3  QPa  range  for 
these  four  explosives. 

SOME  EFFECTS  OF  FRICTION 
COMBINED  WITH 
COMPRESSION 

Poster  No.  8  contains  a  sketch  taken 
from  the  patent  application  of  the  newly 
patented  "SHARP  SHIELD,”  consisting  of 
wedges  placed  with  the  sharp  wedge  apex  In 
contact  with  the  acceptor's  casing.  (All  posters 
can  be  found  in  the  Poster  Session  section  of 
this  publication.)  When  bullets  or  fragments 
strike  the  SHARP  SHIELD  the  wedges  may 
damage  the  acceptor  by  piercing  ita  easing, 
but  the  very  early  advent  of  rarefaction  waves 
generated  ^om  what  may  be  considered  a  very 
small-radlus  bullet  will  greatly  reduce  the  t  in 
P^t  (also  note  the  equation  for  bullet-loading 
duration  at  the  bottom  of  Poster  No  2.  If  r 
approaches  zero,  t  approaches  zero.).  Note 
that  there  will  be  friction  and  inortially- 
inducod  pressures,  generated  as  the  wedge  is 
driven  into  the  acceptor's  explosive,  both  of 
which  can  induce  reactions  even  when  shock 
wave  pressures  are  minimized.  To  study  these 
effects,  tests  were  conducted  with  bullets 
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having  conical  and  wedge-shaped  noses.  Teat 
data  are  reported  in  Posters  No.  4, 6, 7,  and  9. 

The  curves  on  Poster  No.  4  show  that 
frictional  elTocts  become  more  significant 
relative  to  compressive  pressure  effects  at  the 
smaller  cone  angles.  This  observation  is  baaed 
on  the  predictions  of  the  cone  model •  which  is 
based  on  reactions  to  pressures  alone, 
resulting  in  curves  that  tend  to  rise  above  the 
test  data  at  small  cone  angles.  The  empirical 
reactions  at  relatively  lower  impact  velocities 
are  attributed  to  frictional  heating  of  particles 
of  explosive  as  they  slide  from  the  cone’s  apex 
to  the  cone’s  base. 

Poster  No.  9  summarizes  the  theoretical 
prediction  that  Q  of  the  bullet  material  (where 
Q  is  the  product  of  density  times  thermal 
conductivity  times  specific  heat)  is  the 
significant  parameter  that  affects  the  heat 
transferred  to  the  explosive,  expressed  as 
Ee/Ef  (explosive  energy  divided  by  iVictlonal 
energy).  This  prediction  is  borne  out  by  the 
data  presented  in  Poster  No.  7  showing  low 
order  reaction  thresholds  for  11-6  impacted  by 
bullets  with  a  wide  range  of  the  quantity  Q. 

Additional  data  on  cones  and  wedges 
are  presented  in  Poster  No.  9.  It  is  apparent 
that  much  experimental  and  theoretical  work 
remains  to  be  done  to  quantify  the  roles  of 
friction  and  shear  when  combined  with 
pressure,  during  impacts  by  cones  and  wedges 
with  various  pronies  and  various  thermal 
properties. 

CONCLUSIONS 

Based  on  these  preliminary  correlations 
made  with  the  severely  limited  amount  of 
empirical  data  available,  it  may  be  concluded 
that  the  concept  of  explosive  initiation 
depending  on  a  constant  value  of  the  integral 
of(P-Pc)^dt  for  each  explosive  is  promising  but 
not  yet  validated  on  a  firm  quantitative  basis. 
,Much  more  empir’eat  data  will  be  required  on 
a  variety  of  explosives  and  propellants,  using 
laboratory  tests  with  e  range  of  loading 
durations,  particularly  in  the  low  pressure, 
long  duration  regime.  At  present,  however, 
the  use  of  the  P'^t  vs,  P  plot  to  correlate  data  on 
explosive  sensitivity  appears  to  be  a  very 


useful  methodology  for  presentation  of  data 
and  for  prediction  of  reaction  thresholds  of  full 
scale  munitions. 
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SENSITIVITY  OP  SEVERAL  EXPLOSIVES  TO  IGNITION 
IN  THE  LAUNCH  ENVIRONMENT 


John  Starkenberg,  Doeneo  L.  MoFadden,  Deborah  L.  Pilarski, 
Kelly  J.  Bei\jamin,  Vincent  M.  Boyle,  and  Ona  R.  Lyman 
U.  S.  Army  Ballietlo  Research  Laboratory 
Aberdeen,  Maryland  2100S-8066 


We  have  recently  completed  teating  of  the  aenaitiuity  of  aeveral 
exploaives  to  ignition  by  the  combined  effeeta  of  air  compreaaion  and 
deformation.  Theae  are  Compoaition  B  (Comp  B),  TNT,  Compoai' 
tion  A3  (Comp  A3)  Type  11,  LX-14,  PBXW413,  PBX-0280,  and  PBX- 
0280/PE.  Comp  B  exhibita  one  of  the  higheat  aenaitivity  levela  and 
reaponda  violently.  The  data  for  TNT  provide  no  reaaon  to  believe  that 
it  ia  leaa  aenaitive  to  ignition  than  Comp  B.  Comp  A3  Type  II  may  be 
conaidered  the  leaat  aenaitive  exploaive  teated.  It  exhibita  a  moderately 
high  level  ofreaponae  violence.  LX-ld  exhibita  a  aenaitivity  interme¬ 
diate  between  thoae  of  Comp  B  and  Comp  A-3  Type  II  and  reacta  very 
violently,  PBXW -1 13,  ia  by  far  the  moat  aenaitive  in  thia  teat,  Italao 
producea  the  mildeat  reaponae.  The  aenaitivity  of  PBX-0280  ia 
generally  greater  than  that  of  Comp  B,  PBX-0280/PE,  on  the  other 
hand,  appeara  quite  inaenaitive,  Our  reaulta  can  be  explained  moat 
aatiafactorily  in  terma  of  each  exploaive'a  tendency  to  deconaolidate,  or 
break  up  into  email  particlea,  during  cavity  collapae. 


INTRODUCTION  his  coworkers  have  also  considered  shear 

Experimental  studies  aimed  at  clarifying  pwwfo. 

the  mechanisms  involved  in  the  premature  Results  obtained  with  the  activator  indi¬ 
ignition  of  high  explosives  in  the  launch  cate  that  none  of  these  mechanisms  can  ignite 

environment  have  been  pursued  for  a  number  explosives  at  or  near  nominal  launch  pressures 
of  years  at  the  Ballistic  Research  Laboratory  or  pressurization  rates.  Rather,  these  param- 
(BRL).^'^  This  work  was  done  using  an  appa-  eters  must  be  amplified  by  about  an  order  of 

ratus  referred  to  as  the  activator.  Investi-  magnitude  before  Ignition  is  observed.  This  is 

gators  at  the  Naval  Surface  Weapons  Center  to  be  expected,  as  premature  explosions  are 
have  concentrated  on  simulating  projectile  uncommon.  We  believe  that  when  a  prema- 
geometries  and  developing  statistical  data  in  a  ture  explosion  occurs  the  explosive  is  locally 
large-scale  drop-weight  simulator. This  subjected  to  the  same  stimulus  level  generated 
work  has  not  been  pursued  recently  due  to  the  in  our  experiments.  In  general,  the  explosive 
high  cost,  which  severely  limits  the  amount  of  must  be  subject  to  a  minimum  heating  rate  per 

data  that  cun  be  collected,  and  to  the  fact  that  a  unit  surface  area  if  an  ignition  ia  to  occur.  In 

sufficiently  accurate  representation  of  the  the  case  of  air  compression  heating,  the  heat- 

launch  environment  has  still  not  yet  been  ing  rate  is  roughly  proportional  to  the  product 

obtained.  Much  of  the  early  work  has  been  of  the  air  pressurization  rate  and  a  reprosen- 

summarized  by  Fishburn.^^  Our  investlga-  tative  cavity  dimension  while  the  surface  area 

tions  have  focused  on  ignition  of  explosives  due  depends  on  how  the  cavity  collapses.  In  the 

to  compression  of  occluded  air,  deformation  of  case  of  frictional  or  shear  heating,  the  heating 

the  explosive  during  the  collapse  of  included  rate  is  roughly  proportional  to  the  product  of 

cavities  and  u  combination  of  these.  Boyle  and  the  (pressure  dependent)  viscosity  and  the 
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square  of  the  shear  strain  rate.  In  both  cases, 
many  other  factors  aro  also  important.  Pres¬ 
surization  rates  and  peak  pressures  measured 
external  to  projectile  bases  or  inferred  from 
acceleration  histories  and  explosive  column 
heights  appear  insufficient  to  produce  the 
required  stimulus.  The  maximum  sliding 
velocity  produced  by  projectile  rotation  is 
somewhat  below  that  required  for  ignition 
observed  in  activator  experiments  which  iso¬ 
late  frictional  heating.  Amplification  of  these 
stimulus  levels  may  occur  in  a  number  of  ways. 
In  the  case  of  air  compression  heating,  one  way 
is  to  amplify  the  pressurization  rate.  This  can 
occur  if  a  loose  charge  impacts  the  baso,  or  if  a 
cavity  fails  to  collapse  during  the  early  por¬ 
tion  of  pressurization  and  then  collapses  very 
rapidly  when  a  critical  pressure  has  been 
reached.  A  cavity  collapse  geometry  which 
concentrates  heated  air  on  a  small  portion  of 
the  explosive  surface  also  amplifies  the  stimu¬ 
lus  level.  In  addition,  as  a  cavity  collapses, 
shear  heating  may  combine  with  air  com¬ 
pression  heating  to  produce  an  ignition. 

The  relationship  between  the  local  heat¬ 
ing  rate  experienced  by  an  explosive  fill,  the 
mechanical  properties  of  the  explosive,  and  the 
acceleration  history  of  the  projectile  is 
complicated  and  has  not  been  established.  We 
have  not  pursued  this  avenue.  Rather,  we 
have  tried  to  determine  the  parameters  which 
govern  ignition  by  the  most  likely  mechanisms 
and  to  develop  ignition  threshold  data  for 
explosives  including  Comp  R  and  TNT. 
Viotnam-era  field  experience  has  shown  that 
Comp  D  exhibits  a  relatively  high  (usually 
unacceptable)  incidence  of  in-bore  premature 
explosions  while  TNT  exhibits  a  relatively  low 
incidence.  We  felt  that  the  susceptibility  of 
other  explosives  to  premature  ignition  might 
be  assessed  by  comparing  their  ignition  thresh¬ 
olds  to  those  of  Comp  B  and  TNT.  However, 
the  issue  is  complicated  by  the  fact  that  the 
explosiveness  of  the  burning  response  is  also  a 
factor.  It  has  been  speculated  that  the  Infre¬ 
quency  of  reported  prematures  with  TNT  may 
be  due  to  its  relatively  slow  burning  response 
rather  than  a  lower  ignitabillty.  This  would 
lead  to  the  premature  explosion  occurring 
down  range  rather  than  in  the  gun  tube.  If  this 


is  the  case,  the  sensitivity  assessment  is  more 
difficult  as  both  ignitabillty  and  explosiveness 
must  be  considered. 

We  have  recently  completed  testing  of  the 
sensitivity  of  a  number  of  different  explosives 
to  ignition  by  the  combined  mechanisms  and 
have  used  the  results  to  assess  their  relative 
sensitivities.  Results  for  Comp  B  were 
reported  previously.^*^  Additional  explosives 
tested  include  TNT,  Comp  A3  Type  II,  LX- 14, 
PBXW-113,  PBX-0280,  and  PBX-0280/PE.  In 
this  paper  we  discuss  the  pertinent  ignition 
mechanisms,  describe  the  experimental 
approach,  review  some  of  the  early  activator 
results,  compare  the  data  obtained  for  all  of  the 
explosives,  and  provide  an  interpretation  of  the 
observations. 

IGNITION  MECHANISMS 

Gas  Compression 

When  a  small  volume  of  air  is  compressed 
very  rapidly  such  that  no  energy  transport  can 
occur,  a  high  temperature  reservoir  is  created 
which  may  subsequently  heat  an  adjacent 
explosive  layer  to  the  point  of  ignition.  This 
process  is  referred  to  as  ignition  by  adiabatic 
compression  of  the  air.  If,  on  the  other  hand, 
the  air  is  compressed  very  slowly,  no  temp¬ 
erature  increase  occurs  and  no  explosive 
ignition  can  follow.  Between  these  limits  lies 
the  compressive  houting  regime  in  which  the 
compression  occurs  sufficiently  slowly  that 
considerable  energy  is  transported  by  con¬ 
duction  and  convection  during  the  process. 
The  ignitions  observed  by  Bowden  and  his 
associates  in  the  10-  to  100-microsecond  time 
range  properly  belong  to  this  latter  category. 
For  adiabatic  compression  in  the  shock  wave 
regime,  the  heating  due  to  gas  compression 
does  not  appear  to  influence  sensitivity  since 
other  healing  mechanisms  dominate.*^'*® 
Compressive  heating  has,  therefore,  received 
attention  primarily  as  a  source  of  ignition 
which  is  active  when  the  observed  time  to  igni¬ 
tion  is  in  the  lO-microsecond  to  10-millisecond 
range,  e  time  scale  which  is  typical  of  events 
during  the  setback  of  the  explosive  fill  in  a 
projectile  during  launch. 
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Shaar 

The  shear  mechaniem  has  also  received 
considerable  attention,  This  mechanism  is 
active  when  shearing  flows  are  produced  by 
cavity  collapse  or  by  motion  relative  to  a 
surface  such  as  the  interior  of  the  projectile 
casting.  These  flows  tend  to  localize  defor¬ 
mation  in  shear  bando  leading  to  the  produc¬ 
tion  of  high  local  temperatures  as  discussed  by 
prey.t®  The  action  of  friction  under  pressure 
(in  the  absence  of  air  compression)  has  been 
consid'ired  by  Boyle.**  Our  earlier  results 
show  that  this  mechanism  is  also  active  during 
cavity  collapse,  but  that  air  compression  is 
usually  the  dominant  mechanism,^*” 

DESCRIPTION  OF  'f  HE 
EXPERIMENTS 

The  Activator 

The  experimental  investigation  was  con¬ 
ducted  using  an  apparatui ,  referred  to  as  the 
activator,  which  was  originally  designed  at 
Picatinny  Arsenal  for  use  ais  a  laboratory-scale 
artillery  setback  simulator.*'*  The  activator, 
as  presently  used  at  BRL,  is  illustrated 
schematically  in  Figure  1.  The  test  section 
consists  of  a  63.6-mm  (2.6-irich)  diameter  mild 
steel,  heavy  confinement  cylinder  with  a 
12.7-mm  (,6-inch)  diameter  bore  hole  enclosing 
the  explosive  sample  and  a  hardened  steel 
driving  piston.  A  hardened  steel  gauge  block 
on  which  a  manganin  foil  pressure  gauge  is 
mounted  is  tightly  bolted  to  the  back  of  the 
confinement  cylinder  and  the  explosive  sample 
is  inserted  into  the  bore  adjacent  to  the  gauge. 
A  gap  or  cavity  of  some  type  is  formed  adjacent 
to  or  in  the  end  of  the  sample.  The  gauge  block 
rests  against  a  rigid  stop  which  incorporates  an 


Figure  1.  Activator  Schematic 


adjustment  screw  to  accommodate  test  fixtures 
of  different  lengths  and  to  allow  easy  installa¬ 
tion.  The  driving  piston  is  activated  by  a 
larger  piston  which  is  initially  held  in  place 
using  shear  pins.  The  large  piston  is  set  in 
motion  by  pressure  developed  in  the  breech 
which  is  instrumented  with  a  pressure  trans¬ 
ducer.  The  free  run  allowed  between  the  large 
piston  and  the  driving  piston  is  used  to  set  the 
stimulus  level  to  be  applied. 

In  order  to  conduct  a  test,  the  breech  is 
pressurized  using  compressed  air  until  the 
shear  pins  fail.  The  large  piston  accelerates 
through  the  free  run  and  impacts  the  driving 
piston,  The  momentum  developed  by  the 
pistons  is  transformed  to  an  impulse  delivered 
to  the  sample.  This  impulse  is  as  much  as 
0.6  QPa  in  amplitude  and  approximately 
0.5  ms  in  duration,  producing  an  average 
pressurization  rate  as  high  as  2.5  GPa/ms.  The 
pistons  may  then  rebound  and  strike  the 
explosive  again  delivering  a  second,  smaller 
impulse.  The  breech  pressure  begins  at  the 
shear  pin  failure  pressure  and  drops  linearly 
with  time  during  the  test  to  a  value  associated 
with  the  final  volume  of  the  breech, 

A  disadvantage  of  this  test  configuration 
is  that  extrusion  of  explosive  between  the 
gauge  block  and  the  confinement  cylinder  may 
occur  at  the  higher  free  runs  because  the 
loading  action  Imds  to  increase  the  space 
there.  Extrusion  of  explosive  between  the 
driving  piston  and  confinement  cylinder  is 
avoided  by  maintaining  tight  tolerances  on  the 
clearance.  Ignitions  caused  by  extrusion  are 
sometimes  identifiable  as  late  events  on  the 
pressure  records.  Extrusion  ignition  is  an  arti¬ 
fact  of  the  experimental  procedure  which  is  not 
relevant  to  ignition  in  the  launch  environ¬ 
ment.  Generally,  there  exists  a  free  run  below 
which  extrusion  does  not  occur,  Our  experience 
indicates  that  testing  with  solid  samples  to 
determine  this  free  run  is  advisable.  Determi¬ 
nation  of  ignition  thresholds  due  to  cavity 
collapse  at  lower  stimulus  levels  is  then  pos¬ 
sible.  This  procedure  was  followed  for  all  ihe 
explosives  we  tested,  except  Comp  B  and  TNT. 

Dimple  Tests 

The  dimple  test  is  the  procedure  currently 
in  use.  The  experimental  configuration  is 
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shown  schematically  in  Figure  2.  In  this  test,  a 
cylindrical  cavity  or  "dimple”  of  controlled 
depth  and  diameter  is  cast  or  machined  into 
one  end  of  the  explosive  sample.  The  sample  is 
inserted,  dimple  up,  into  the  confinement 
cylinder,  A  thin  polyethylene  film  attached  to 
the  face  of  the  driving  piston  improves  the  seal 
against  the  face  of  the  explosive  sample.  Both 
air  compression  and  deformation  heating 
mechanisms  are  active  in  the  standard  dimple 
test. 

Sample  Preparation 

Figure  3  shows  Comp  B  samples  before 
and  after  activator  testing.  Dimples  begin  at  a 
nominal  depth  of  0.38  mm  (.OJSinch)  and  in¬ 
crease  in  steps  of  0.38  mni  to  a  maximum  depth 
of  1.91  mm  (.075  inch).  The  actual  depths  vary 
somewhat  from  the  nominal  values  and  must 
be  measured.  Dimple  diameters  of  B.4mm 


Figure  3.  Composition  3  Samples  Before  and 
After  Activator  Testing 


(.26  inch)  and  8.6  mm  (.34  inch)  were  used  in 
testing  Comp  B.  Only  6.4-mm  diameter 
dimples  were  used  in  testing  of  all  the  other 
explosives. 

The  Comp  B  and  TNT  samples  were 
prepared  at  BRL  by  casting  short  12.7-mm 
diameter  cylinders.  In  order  to  prepare  dim¬ 
pled  samples,  a  casting  plate  with  cylindrical 
protrusions  of  adiustable  height  waa  used 
beneath  the  mold.  For  undimpled  samples,  a 
flat  polished  casting  plate  was  used.  All 
samples  were  finished  to  a  length  of  12.7  mm 
by  cutting  and  polishing  the  opposite  end. 

The  LX- 14,  Comp  A3  Typo  II,  and  PBXW- 
113  samples  were  prepared  by  Honeywell.  Inc. 
The  FBX-0280  and  PbX-0280/PE  samples 
were  prepared  at  Picatinny  Arsenal.  Dimples 
in  these  samples  were  produced  by  machining. 
Other  details  of  their  preparation  are 
unknown. 

Sample  dimensions,  including  dimple 
depth  and  diameter,  and  sample  weight  were 
measured  and  the  density  of  each  sample  was 
computed.  All  samples  were  inspected  **adio- 
graphically  and  any  sample  appearing  to  have 
internal  voids  was  retjected. 

The  unclassified  formulations  and  the 
average  percentages  of  theoretical  maximum 
density  (TMD)  of  the  explosive  samples  tested 
are  summarized  in  Table  1 . 

Tablet.  Summary  of  Explosive  Formulations 


*  %  %  %  %Poly-  Average 

TNT  RDX  HMX  Eetane  Ethylene  %TMD 


TNT  100 

- 

- 

- 

96.6 

Comp  B  40 

60 

- 

• 

97.9 

Coi»p  A3 

91 

• 

C 

96.4 

Typell 

LX14 

es 

6 

, 

97.0 

PBX-Q280 

96 

6 

9G.8 

PBX  0280/ 

PE 

96 

- 

6 

96.6 

Characterisation  of  the  Stimulus  Level 

In  our  earlier  tests  with  cavities  external 
to  the  explosive,  pressure  conditions  in  the 
vicinity  of  the  cavity  could  be  inferred  from  the 
pressure  records  from  the  manganin  gauf^^e  at 
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the  base  of  the  sample.  This  provided  us  with  a 
pertinent  characterization  of  the  etimulus 
level.  In  the  dimple  test,  however,  the  con¬ 
ditions  as  the  cavity  collapses  are  complicated 
and  the  heating  rate  bears  no  simple  relation 
to  the  pressure  record,  The  best  measure  of 
applied  stimulus  level  must  be  Judged,  there¬ 
fore,  by  the  degree  to  which  it  segregates 
ignitions  and  ignition  failures  in  a  plot  of 
etimulus  level  versus  cavity  size.  Several 
measures  of  stimulus  level  are  available.  The 
moat  successful  of  these  is  the  free  run  of  the 
activator.  The  stimulus  generally  increases 
with  increasing  free  run.  Our  previous  results 
indicated  that  free  run  is  the  only  parameter 
producing  good  data  segregation  in  all  three 
tests.^*^  Thus,  results  of  activator  testing  are 
usually  given  as  an  ignition  thresitold  in  the 
free  run  -  dimple  depth  plane. 

OBSERVATIONS  FROM 
PREVIOUS  STUDIES 

Ct^impreasive  Heating 

Compressive  heating  ignition  has  been 
the  subject  of  extensive  analytical and 
experimental^’^’*^  study  at  BRL.  In  this  work, 
cavities  external  to  the  explosive  in  a  soft 
matorial  were  used.  The  activator  was  used  in 
its  original  form  in  preliminary  experiments  to 
produce  data  which  revealed  the  role  of  air  in 
causing  ignitions  during  compre  >^:iiun.  Subse¬ 
quently,  the  activator  was  modified  and 
further  instrumented  so  that  more  definitive 
data  could  be  extracted  from  the  tests  and 
direct  comparisons  to  the  predictions  obtained 
from  analytical  models  could  be  made.  In 
particular,  the  activator  was  used  to  explore 
ignition  of  Comp  B,  TNT,  and  LX-14  (as  well  as 
a  number  of  other  explosives)  caused  by  the 
rapid  compression  of  air  trapped  in  contact 
with  the  explosive, 

A  number  of  observations  from  our  study 
of  air  compression  heating  are  pertinent  to 
the  present  study.  As  a  result  of  our  earlier 
testing,  wo  learned  that  this  ia  indeed  a 
viable  mechanism  for  ignition  at  relatively 
mild  stimulus  levels  and  we  established 
pressurization  rate  and  cavity  size  as  the 
principal  governing  parameters.  We  found 
that  sensitivity  is  substantially  influenced  by 


the  geometry  of  cavity  coUapse  and  by  the  state 
of  the  explosive  surface.  Convergent  geome¬ 
tries,  such  as  hemispherical  bubbles,  which 
concentrate  heated  air  on  a  small  portion  of  the 
explosive  surface,  promote  ignition.  A  series  of 
tests  with  LX-14  pressed  to  different  densities 
showed  that  nonporous  surfaces  also  promote 
ignition  by  enhancing  retention  of  heated  air 
at  the  ignition  site. 

Cavity  Collapse  Heating 

In  the  earliest  work,  care  was  taken  to 
completely  decouple  the  local  stimulus  level 
from  the  explosive  mechanical  properties  by 
using  cavities  external  to  the  explosive  which 
collapse  without  its  mechanical  failure.  Sub¬ 
sequently,  wo  turned  our  attention  to  a  series 
of  experiments  in  which  shallow  cylindrical 
cavities  (dimples)  in  cast  Comp  B  were 
subjected  to  deformation  both  with  and 
without  simultaneous  air  compreasion  as  well 
as  air  compression  without  deformation.  This 
series  of  tests  was  used  to  explore  the  role  of 
explosive  deformation  in  ignition, In  par¬ 
ticular,  we  were  Interested  in  determining 
whether  deformation  produces  sufficient  heat¬ 
ing  to  cause  ignition  or  simply  acts  to  increase 
the  local  air  pressurization  rate.  This 
approach,  of  course,  does  not  account  for  the 
complete  role  of  explosive  mechanical 
properties  in  the  actual  launch  environment. 

We  found  that  when  the  air  compression 
and  deformation  heating  mechanisms  are 
combined  the  dominant  ignition  mechanism  is 
compressive  heating  of  air  strongly  influenced 
by  the  cavity  collapse  geometry  arid  by 
alteration  of  the  state  of  the  exposed  explosive 
surface  during  collapee.  This  result  Is  in 
agreement  with  Frey’s  theoretical 
assessment,*^  which  indicates  that  the  air 
compression  mechanism  dominates  for  large 
cavities  at  low  pressurization  rates.  Comp  B 
seemed  to  exhibit  a  "maximum  tolerable” 
dimple  depth  below  which  Ignitions  could  not 
be  obtained.  The  observations  suggest  that  the 
cavity  in  the  exploeive  may  close  in  at  least  two 
different  ways  depending  on  dimple  depth. 
Cavity  cloBure  for  shallow  dimples  presumably 
occurs  by  axial  flow  end  results  in  low 
sensitivity.  The  sudden  transition  above  the 
maximum  tolerable  dimple  depth  observed  in 
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the  teste  wae  interpreted  as  marking  a  transi¬ 
tion  to  radial  cavity  closure,  a  highly  sensitive 
mode  for  which  dimple  depth  independence 
would  be  expected.  Our  compressive  heating 
results  indicated  that  increasing  surface 
porosity  leads  to  decreased  sensitivity.  One 
would  expect  the  brittle  explosives  to  break  up 
into  particles  during  cavity  collapse,  thus 
reducing  sensitivity.  The  presence  of  particles 
can  also  be  sensitizing  if  they  are  fine  enough. 
This  occurs  when  the  nominal  diameter  of  the 
particles  is  less  than  twice  the  thickness  of  the 
heated  explosive  layer.  However,  our  planar 
computations  showed  that  this  heated-layer 
thickness  is  26  pm  or  less  when  ignition 
occurs.^  Thus,  the  sensitizing  effect  should  not 
be  expected  to  appear  unless  a  significant 
number  of  particles  are  60  pm  or  less  in  dia¬ 
meter.  Results  from  tests  conducted  under 
vacuum  indicate  that  heating  due  to  deforma¬ 
tion  alone  is  the  dominant  ignition  mechanism 
only  for  relatively  deep  dimples. 

RESULTS 

Gentiiral  Obadrvationa 

The  pressure  histories  observed  may  be 
generally  categorized  according  to  the  nature 
of  the  rising  portion  of  the  impulse.  When 
undimpled  samplos  were  usod,  the  pressure 
was  observed  to  rise  in  a  series  of  steps.  The 
pressurization  rate  between  the  plateaus  was 
roughly  the  same.  With  dimpled  explosives, 
however.,  the  pressure  was  frequently  observed 
to  rise  and  fall  quite  markedly  during  pres- 
aurization.  The  pressure  was  usually  seen  to 
drop  bask,  after  a  short  pressurization,  to  a 
considerably  lower  pressure  before  continuing 
to  rise  to  its  maximum  value.  This  occurred  for 
both  ignitions  and  ignition  failures  and  is 
probi  bly  associated  with  cavity  collapse. 
Samples  that  were  recovered  after  firing 
almost  always  showed  the  dimple  to  be 
completely  closed  as  shown  in  Figure  3. 

Burning  may  begin  during  the  rising 
portion  of  the  presouro  history,  be  delayed 
until  after  the  pressure  has  peaked,  be  delayed 
until  much  *ater  when  the  pressure  has 
returned  to  ambient  or  occur  on  the  second 
strike  of  the  driving  piston.  Where  possible, 
ignitions  have  been  classified  as  either  prompt 


(when  they  occur  during  the  stimulus  impulse) 
or  late  (when  they  occur  substantially  after  the 
stimulus  impulse).  In  a  few  cases,  when  the 
pressure  record  was  lost  and  an  ignition  clearly 
occurred,  the  result  is  identified  simply  as  an 
ignition. 

As  described  in  the  following  sectiono,  we 
believed  that  Comp  B  and  TNT  were  some¬ 
times  igniting  due  to  extrusion  between  the 
gauge  block  and  the  confinement  cylinder. 
Because  of  this,  we  decided  to  screen  the 
subsequently  tested  explosives  using  undim¬ 
pled  samples,  which  are  assumed  to  be  ignited 
only  by  extrusion. 

The  violence  of  reactive  responses  varied 
from  explosive  to  explosive  and  ranged  from 
partial  reaction  with  recovery  of  significant 
amounts  of  explosive  to  extremely  rapid 
reaction  characterized  by  the  splitting  of  the 
confinement  cylinder  into  several  piecos. 
These  results  have  been  associated  with 
response  levels  in  Table  2, 


Table  2,  Reeponee  Violence  Levels 


Level 

Response  Violence 

1 

Partial  reaction.  Partially  burned 
explosive  sample  is  recovered  or 
unburned  explosive  is  extruded 
past  gauge  block, 

2 

Complete  reaction.  Damage  to 
confinement  cylinder  limited  to 
enlargement  of  bore  hole. 

3 

Complete  reaction.  Confinement 
cylinder  split  open. 

4 

Complete  reaction.  Confinement 
cylinder  split  into  two  or  more 
pieces. 

ComposiUon  B 

Results  for  Comp  B  with  two  different 
dimple  diameters  were  previously  reported.^*^ 
The  8.6-min  diameter  dimples  are  considered 
too  large  to  eliminate  substantial  influence  of 
the  sample  diameter.  Therefore,  testing  of 
other  explosives  was  limited  to  the  6.4-mm 
diameter  dimples.  The  data  for  the  smaller 
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diameter  is  reproduced  in  Figure  4.  No  tests  on 
solid  samples  to  determine  the  extrusion  limit 
were  conducted.  However,  late  ignitions  (of 
the  type  usually  associated  with  extrusion) 
were  observed  with  shallow  dimples  at  free 
runs  exceeding  22  mm.  Two  threshold  curves 
have  been  indicated  on  the  plot  in  the  dimple 
depth  '  free  run  plane.  Only  ignitions  were 
observed  above  the  upper  curve  and  only 
ignition  failures  were  observed  below  the  lower 
curve.  A  region  of  mixed  results  lies  between 
the  curves.  The  results  indicate  that 
extremely  high  stimulus  levels  are  required  to 
produce  ignition  with  the  shallowest  dimples. 
The  free  run  required  drops  rapidly  with 
increased  dimple  depth  until  a  minimum  is 
reached.  Surprisingly,  further  increase  in  the 
dimple  depth  appears  to  reduce  sensitivity. 
This  behavior  allows  us  to  roughly  define  a 
maximum  tolerable  dimple  depth  at  about 
0.6  mm,  below  which  ignition  requires  very 
high  stimulus  levels,  and  a  maximum  tolerable 
stimulus  level  at  about  10  mm  free  run,  below 
which  no  ignitions  occur,  When  Comp  B 
ignited,  the  response  was  fairly  violent,  often 
splitting  the  cylinder.  Several  of  the  samples 
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which  failed  to  ignite  were  recovered  and 
sectioned.  The  cavities  were  observed  to  be 
filled  with  porous  explosive  which,  for  dimples 
deeper  than  about  0.4  mm,  apparently  origi> 
nated  in  the  shoulder  of  the  dimple.  In  addi¬ 
tion,  cone-shaped  regions  of  deformation  were 
observed  below  the  floors  of  the  dimples.  The 
shallowest  dimples,  on  the  other  hand,  were 
observed  to  close  from  the  bottom  up.  This 
transition  of  cavity  closure  mode  is  believed  to 
account  for  the  rapid  change  of  sensitivity 
observed  as  the  dimple  depth  is  reduced  to  its 
smallest  values.  There  may  be  some  other 
such  i  nsition  which  accounts  for  the  decrease 
in  sensitivity  for  the  deepest  dimples. 

TNT 


We  experienced  considerable  difficulty  in 
obtaining  definitive  data  for  TNT  and  a 
broader  variety  of  responses  was  observed. 
Virtually  all  ignitions  occurred  slightly  after 
peak  pressure  had  been  reached.  In  several 
cases,  reaction  was  extinguished  leaving 
partially  burned  samples.  In  many  cases  in 
which  incipient  reaction  was  extinguished, 
burning  was  observed  to  begin  at  the  cir¬ 
cumference  of  the  dimple.  In  other  cases,  at 
moderate  free  runs,  the  samples  appeared  to 
melt  and  extrude  past  the  gauge  block  without 
any  evidence  of  reaction.  These  responses  are 
represented  in  the  plot  shown  in  Figure  6.  It  is 
difficult  to  distinguish  ignition,  failure,  and 
mixed  regions  us  with  Comp  B.  Unfortunately, 
no  rapid  decrease  in  the  free  run  required  to 
produce  ignition  as  dimple  depth  increased 
may  be  observed  (probably  because  no  tests 
were  conducted  with  the  shallowest  dimples)  so 
that  no  effective  maximum  tolerable  dimple 
depth  can  be  determined.  However,  no  igni¬ 
tions  were  produced  at  free  runs  less  than 
about  12  mm.  TNT  is  known  to  have  a 
relatively  low  intrinsic  reaction  rate.  The 
activator’s  stimulus  duration  may  be  too  short 
to  appropriately  test  such  a  slow  burning 
explosive.  The  response  violence  was  consid¬ 
erably  lower  with  TNT  and  the  confinement 
cylinders  were  not  observed  to  split. 


Figure  4,  Ignition  Threshold  for  Composition  B 
in  the  Dimple  Depth  ■  Free  Bun  Plane. 
Duplicate  data  points  are  indicated  by  (2). 


Composition  A3  Type  II 

Using  undimpled  Comp  A3  Type  11 
samples,  we  found  that  extrusion  ignition 
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Figure  5,  Ignition  Threshold  for  TNT  in  the 
Dimple  Depth  •  Free  Run  Plane 

occurred  at  free  rune  greater  than  20  mm. 
Fewer  tests  were  conducted  than  with  Comp  B 
or  TNT,  but  the  ignitions  and  failures 
segregate  nicely  in  the  dimple  depth  -  free  run 
plane  as  shown  in  Figure  6.  The  maximum 
tolerablo  dimple  depth  is  about  1.1  mm  but  no 
minimum  in  required  stimulus  level  is  real¬ 
ized.  Response  violence  was  greater  than  that 
of  Comp  B  and  the  cylinder  was  usually  split, 
sometimes  into  two  pieces.  In  some  cases,  the 
shallowest  dimples  did  not  close,  even  at  mod¬ 
erate  free  runs.  This  was  not  observed  with 
any  other  explosive.  Bxaminatlon  of  recovered 
samplos  suggests  a  possible  cavity  collapse 
mode  transition  between  dimple  depths  of 
1.1  mm  (corresponding  to  the  maximum  toler¬ 
able  dimple  depth)  and  1.5  mm. 

LX-14 

Testing  with  undlmpled  LX-14  samples 
also  indicated  that  free  run  should  be  limited 
to  about  20  mm.  Again,  the  number  of  tests 
were  few  but  the  data  segregation  is  fairly  good 
as  shown  in  Figure  7.  However,  establishment 
of  a  more  reliable  threshold  curve  would 
require  some  additional  data.  The  maximum 


Figure  6,  Ignition  Threshold  for  Composition 
A -3  Type  H  in  the  Dimple  Depth  •  Free  Run 
Plane,  Duplicate  data  points  are  indicated  by 
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Figure  7.  Ignition  Threshold  for  LX-14  in  the 
Dimple  Depth  -  Free  Run  Plane 
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tolerable  dimple  depth  ig  about  0.8  mm  and  the 
maximum  tolerable  free  run  ie  about  12  mm, 
The  late  ignitions  observed  occurred  on  the 
second  strike  of  the  driving  piston  as  evidenced 
by  the  manganin  gauge  record.  The  reactive 
response  following  ignition  was  very  violent. 
The  conflnement  cylinder  was  often  split  into 
two  or  more  pieces  and  the  bolts  holding  the 
gauge  block  were  sometimes  broken.  Recov* 
ered  samples  appear  to  show  a  transition  from 
bottom-up  to  radial-inward  closure  above  a 
depth  of  about  0.8  mm, 

PBXW-U3 

PBXW-113  is  a  soft  rubbery  explosive. 
We  found  that  it  responds  considerably 
differently  than  the  other  explosives.  When  no 
dimples  were  present,  the  explosive  exhibited 
an  extrusion  limit  at  about  19  mm  of  free  run. 
However,  when  dimples  of  any  size  were 
present,  testing  always  produced  Ignition,  even 
at  the  shortest  possible  free  run.  With  one 
exception,  these  ignitions  occurred  very  late 
(often  being  audibly  distinguishable  from  the 
stimulus  impulse)  and  were  very  mild  (varying 
amounts  of  explosive  were  usually  found  to 
remain),  Explosive  was  often  seen  to  have 
been  sprayed  out  between  the  confinement 
cylinder  and  the  gauge  block  and  could  be 
found  in  the  bolt  holes.  The  results  do  not  lend 
themselves  to  the  usual  presentation  in  the 
dimple  depth  -  free  run  plane.  Rather,  they  are 
summarized  in  Table  3,  which  lists  each  test. 
The  mild  events  observed  may  be  a  result  of 
the  activator’s  short  pulse.  The  one  burn  that 
occurred  during  the  high  pressure  portion  of 
the  pulse  was  quite  violent,  splitting  the 
confinement  cylinder.  During  gun  launch,  the 
pressure  may  be  maintained  for  a  longer  time, 
aliowing  a  more  violent  burn  with  this  explo¬ 
sive.  Since  all  dimpled  samples  ignited,  the 
mode  of  cavity  closure  could  not  be  assessed. 

PBX-0280 

Five  undimpled  samples  of  PRX-0280 
were  tested  in  an  attempt  to  determine  the 
extrusion  ignition  limit.  The  results,  however, 
were  inconclusive.  Delayed  ignitions  were 
observed  in  three  tests  at  free  runs  of  19,  22, 
and  26  mm  while  Ignition  failures  were 
observed  in  two  tests  at  free  runs  of  22  and 


Table  3,  Summary  ofResuUe  with  PBXW-l  13 


Dimple 

Free 

Bxploaive 

Depth  (mm) 

Run (min) 

Ignition? 

Ramalnlng 

no  dimple 

12.7 

no 

all 

no  dimple 

12.7 

no 

all 

no  dimple 

16.9 

no 

all 

no  dimple 

19.1 

no 

all 

no  dimple 

19.1 

lito 

most 

no  dimple 

22.2 

laU 

half 

no  dimple 

22.2 

late 

moat 

no  dimple 

26.4 

late 

trace 

no  dimple 

25.4 

late 

trace 

0.38 

3.2 

lote 

trace 

0.38 

6.4 

late 

none 

0.38 

6.4 

late 

? 

0.38 

12.7 

lata 

moat 

0,78 

19.1 

lata 

soma 

1.14 

19.1 

lata 

none 

1.91 

3.2 

lata 

trace 

1.91 

0.6 

lata 

? 

1.91 

12.7 

lata 

? 

1.91 

10.1 

prompt 

none 

1.91 

19.1 

lata 

? 

26  mm.  Dimple  tests  were  then  conducted  on 
the  remainder  of  the  sampies.  The  dimples  in 
those  samples  appeared  to  be  machined.  Their 
edges  were  of  only  fair  quality,  showing  con¬ 
siderable  crumbling.  The  results  of  the  tests 
are  plotted  in  the  fVee  run  -  dimple  depth  plane 
in  Figure  8.  Only  a  few  ignition  failures  (for 
shallow  dimples  or  low  stimulus  levels)  were 
observed.  In  the  region  of  the  plane  where 
ignitions  appear,  considerable  mixing  of 
prompt  and  delayed  ignitions  were  observed. 
Nonetheless,  an  ignition  threshold  can  be 
reasonably  well  defined.  Ignitions  frequently 
resulted  in  split  confinement  cylinders.  No 
observations  of  recovered  samples  were  made. 

PBX-0280/PE 

The  five  undimpled  FBX-0280/PE  sam¬ 
ples  were  tested  at  free  runs  of  19,  22,  and 
26  mm.  Two  ignition  failures  were  observed  at 
19  mm,  one  prompt  ignition  and  one  failure 
were  observed  at  22  mm,  and  one  prompt  igni¬ 
tion  was  observed  at  26  mm.  The  machined 
dimples  in  these  samples  appeared  to  be  of 
somewhat  better  quality  than  those  in  the 
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Figure  9,  Ignition  Threshold  for  PBX-0280/PE 
in  the  Dimple  Depth  •  Free  Run  Plane 


PBX-0280  aamples.  The  results  indicate  that 
19  mm  of  free  run  is  a  safe  upper  limit  in  the 
dimple  tests.  However,  definition  of  an 
ignition  threshold  in  the  free  run  dimple 
depth  plane  required  tests  at  free  runs  in 
excess  of  this  value  as  illustrated  in  Figure  9. 
Seven  tests  with  dimples  shallower  than 
0.7  mm  produced  only  one  delayed  ignition  at 
free  runs  varying  between  19  and  26  mm. 
Only  one  test  at  a  dimple  depth  of  1,6  mm 
yielded  an  ignition  at  a  free  run  shorter  than 
19  mm.  The  results  produce  a  relatively  well- 
deflned  Ignition  threshold.  The  response  of 
this  explosive  was  a  little  less  violent  than  that 
of  PBX-0280,  producing  split  cylinders  less 
often.  Again,  no  observations  of  recovered 
samples  were  made. 

Comparison  of  Sensitivity  and  Response 
Violence 

The  threshold  curves  for  all  the  expIo> 
sives  (ex  opt  PBXW-113)  are  shown  together 
in  Figure  10.  Many  of  the  explosives  exhibit 
decreasing  sensitivity  with  the  deepest  dimples 
used.  In  most  cases,  two  simple  measures  of 
sensitivity  for  each  explosive  may  be  extracted 


Figure  10.  Comparison  of  Ignition  Thresholds 
in  the  Dimple  Depth  -  Free  Run  Plane 
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from  the  data;  the  maximum  tolerable  dimple 
depth  (for  which  no  Ignition  is  produced  at  any 
ft'ee  run)  and  the  maximum  tolerable  free  run 
(for  which  no  ignition  is  produced  at  any 
dimple  depth).  Table  4  lists  the  explosives  in 
order  of  increasing  values  of  the  maximum 
dimple  depth  tolerated.  The  reaction  violence 
level  is  also  shown  in  the  table. 


Table  4.  Relative  Sensitivity  of  Explosives 


Explosive 

Maximum  Tolerable 
Free  Run  UImple  Depth 
(mm)  (mm) 

Reaction 

Violence 

PBXW-iia 

0 

0.0 

1* 

PBX-0280 

7 

0.5 

3 

CompB 

10 

0.5 

a, 3 

TNT 

12  ' 

0.57 

1.2 

PBX-02B0/PE 

17 

0.S*-0.9 

3,4 

LX-14 

12 

1.0 

4 

Oomp  A3,H 

22 

1.4 

3,4 

*  delayed 

*  violent 

Ignition 

raaotion 

ignored 

Ignored 

The  results  exhibit  some  tendency  toward 
an  increase  in  reaction  violence  with  decreas¬ 
ing  ignition  sensitivity.  PBXW-113  is  by  far 
the  most  sensitive  in  this  test.  It  also  produces 
the  mildest  response.  Comp  B  exhibits  one  of 
the  highest  sensitivity  levels  among  the  brittle 
explosives  and  responds  violently.  Although 
the  data  for  TNT  do  not  permit  deflnltion  of  a 
complete  Ignition  threshold,  they  provide  no 
reason  to  believe  thjU.  TNT  is  less  sensitive  to 
ignition  than  Comp  B.  This  lends  support  to 
the  interpretation  that  the  higher  frequency  of 
premature  explosions  observed  with  Comp  B 
filled  rounds  is  due  to  its  higher  explosiveness. 
Comp  A3  Type  II  may  be  considered  the  least 
sensitive  explosive  tested  (based  on  maximum 
tolerable  dimple  depth).  It  exhibits  a  moder¬ 
ately  high  level  of  response  violence.  Its  maxi¬ 
mum  tolerable  dimple  depth  is  considerably 
greater  than  that  for  Comp  B  but  no  decrease 
in  sensitivity  with  deeper  dimples  is  observed 
leading  to  an  apparent  crossover  of  the 
thresholds  for  deep  cavities.  LX-14  exhibits  a 
sensitivity  intermediate  between  those  of 
Comp  B  and  Comp  A-3  Type  I!  and  reacts  very 
violently.  Its  threshold  also  crossos  over  that 
of  Comp  A-3  Type  II  for  deep  dimples.  The 


sensitivity  of  PBX-0280  is  generally  greater 
than  that  of  Comp  B.  It  ignites  at  lower 
stimulus  levels  and  tolerates  roughly  the  same 
dimple  depth  as  Comp  B.  PBX-0880/PE,  on  the 
other  hand,  appears  quite  insensitive  in  terms 
of  the  stimulus  level  tolerated.  Although  it 
was  observed  to  ignite  with  relatively  shallow 
dimples,  this  was  at  very  high  stimulus  levels 
and  may  have  been  due  to  extrusion.  The 
difference  in  sensitivity  between  these  two 
explosives  is  remarkable  since  they  both 
contain  85  percent  RDX  and  were  tested  at 
almost  exactly  the  same  percentage  of 
theoretical  maximum  density.  The  principal 
differences  are  the  binder  material  and  the 
particle  size  of  the  RDX  used.  The  less  sensi¬ 
tive  explosive  uses  polyethylene  as  a  binder 
and  much  coarser  RDX. 

Our  results  can  be  explained  most  satis¬ 
factorily  in  terms  of  each  explosive’s  tendency 
to  deconsolidate,  or  break  up  into  small 
particles,  during  cavity  collapse.  Evidence  of 
deconsolidation  is  apparent  in  samples  which 
failed  to  ignite.  Such  breakup  produces  com¬ 
peting  effects  on  the  sensitivity  to  ignition.  It 
desensitisea  by  presenting  greater  explosive 
surface  area  to  a  limited  quantity  of  heated  air. 
This  is  the  same  mechanism  that  accounts  for 
the  decreased  sensitivity  previously  observed 
at  low  pressing  density.  At  the  same  time, 
deconsolidation  sensitizes  by  raising  the 
explosive-air  interface  temperature  for  parti¬ 
cles  that  are  sufficiently  small  compared  to  the 
heated  layer  thickness.  Only  one  of  the 
explosives  tested  is  made  with  a  signifleant 
number  of  particles  which  are  smaller  than  the 
50  pm  size  suggested  by  our  earlier  analysis.^*^ 
Thus,  in  most  oases,  it  appears  that  the 
dosensitizlng  effect  dominates.  In  addition,  the 
increased  surface  area  manifests  itself  in  a 
more  violent  response  when  ignition  does 
occur.  The  results  are,  of  course.  Influenced  by 
each  explosive’s  intrinsic  sensitivity  to  pure 
thermal  stimulus  and  the  amount  of  energy 
released  in  decomposition. 

The  mechanical  properties  of  PBXW-113 
render  it  the  most  resistant  to  deconsolidation 
and  it  shows  the  greatest  sensitivity  and  the 
lowest  reaction  violence.  TNT  might  be 
expected  to  break  up  less  readily  than  the 
other  brittle  explosives  because  it  is  a  single 
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phase  cast  material.  It  exhibits  a  relatively 
high  ignition  sensitivity  and  is  the  second 
lowest  in  reaction  violence.  Comp  B,  as  a 
multiphase  cast  explosive,  is  somewhat  higher 
in  reaction  violence  and  has  about  the  same 
Fiensitivity  as  TNT,  Here,  the  slower  energy 
release  of  TNT  is  also  a  factor.  The  remaining 
explosives  are  multiphase  pressed  materials 
and  (with  the  exception  of  PBX-0280)  exhibit 
lower  sensitivities  and  higher  reaction  viol' 
ence  levels.  The  order  of  sensitivity  of  PBX- 
0280  and  PBX‘0280/PE  are  not  consistent  with 
the  dominance  of  the  desensitizing  effect. 
However,  the  more  sensitive  PBX-0280  con¬ 
tains  class  6  RDX  (virtually  all  particles  less 
than  60  pm)  and  class  7  RDX.  It  can  be 
expected  to  produce  a  significant  quantity  of 
very  small  particles  upon  deconsolidation. 
This  might  explain  its  high  sensitivity.  The 
binder  difference  could  also  have  some  effect  on 
sensitivity  by  influencing  the  explosive’s 
mechanical  properties  and,  in  turn,  the  degree 
of  deconsolidation  and  the  mode  of  cavity 
collapse, 

CONCLUSIONS 

The  path  toward  more  premature- 
resistant  explosives  is  not  clear.  Velicky, 
Voigt,  and  Voreek^*  have  suggested  that  an 
explosive’s  mechanical  strength  should  be 
increased  to  reduce  the  probability  of  collapse 
of  casting  flaws.  However,  it  soems  likely  that 
this  will  have  little  effect  on  cavities  large 
enough  to  present  a  problem  since  the  launch 
acceleration  environment  appears  to  produce 
stresses  well  above  those  required  to  collapse 
larger  cavities.  Because  of  the  importance  of 
the  gas  pressurization  rate,  increasing 
mechanical  strength  might  even  have  a 
negative  effect.  Delaying  cavity  collapse  until 
higher  stress  levels  have  been  reached  could 
increase  the  pressurization  rate.  Cavities  in  a 
softened  material,  meanwhile,  might  collapse 
during  the  very  early  portion  of  launch,  thus 
resisting  ignition,  On  the  other  hand,  they 
might  better  trap  hot  air,  thus  promoting 
ignition.  In  the  latter  case,  the  low  Ignited 
surface  area  can  be  expected  to  yield  low  Initial 
reaction  rates  which  may  sufllciently  delay 
any  violent  response.  Approaches  which 
reduce  the  incidence  of  Haws  in  explosive  fills, 
reduce  the  ignltability  of  the  explosive  or 


retard  the  burning  response  of  the  explosive 
are,  of  course,  desirable.  Because  of  the  com¬ 
plexity  of  the  issues  involved,  characterization 
of  explosives  through  testing  is  the  only 
available  approach  to  discovering  premature 
resistant  formulations.  Long  term  field  experi¬ 
ence  is  the  only  reliable  measure  of  success. 

Our  observations  indicate  that  field 
experience  cannot  be  correlated  with  the 
results  of  ignition  sensitivity  tests.  Thus,  both 
ignltability  and  explosiveness  should  be  con¬ 
sidered  in  assessing  an  explosive’s  resistance 
to  launch-induced  explosion.  In  the  contro¬ 
versy  between  brittle  and  soft  explosives,  our 
Ignition  sensitivity  results  are  biased  in  favor 
of  the  brittle  materials.  For  this  reason,  we  do 
not  believe  that  explosives  should  be  rejected 
on  the  basis  of  exhibiting  high  ignition 
sensitivity  in  the  activator  unless  the  reaction 
violence  levels  are  also  high.  The  activator 
may  be  limited  in  its  ability  to  appropriately 
measure  explosiveness  since  it  generates  a 
considerably  shorter  pulse  than  that  produced 
in  the  launch  environment,  This  could  inhibit 
violent  reaction  for  explosives  which  do  not 
burn  rapidly  either  because  insufficient 
surface  area  is  produced  during  cavity  collapse 
or  because  of  relatively  slow  chemical  kinetics. 
Clearly,  our  approach  tells  only  part  of  the 
story  since  the  applied  stimulus  level  in  the 
activator  is  partially  independent  of  explosive 
mechanical  properties  and  the  testing  may  not 
reflect  all  the  ways  in  which  the  mechanical 
properties  influence  the  stimulus  amplification 
mechanism.  In  spite  of  all  this,  the  activator, 
when  used  with  care,  remains  the  best  avail¬ 
able  tool  for  assessing  an  explosive’s  resistance 
to  launch-induced  premature  explosions. 
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SENSITIVITY  OF  SEVERAL  EXPLOSIVES  TO  IGNITION  IN  THE 

LAUNCH  ENVIRONMENT 

8TARKENBERQ 
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FORMULATIONS  OF  EXPLOSIVES  TESTED 

% 

% 

% 

% 

%  POLY¬ 

AVIRAQB 

TNT 

RDX 

HMX 

ESTANE 

ETHYLENE 

HTMD 

TNT 

100 

96.6 

Composition  B 

40 

60 

97.9 

Composition  A3  Typt  ii 

91 

9 

98.4 

LX-14 

95 

S 

97.0 

PBX>0260 

95 

5 

96.8 

PBX-0280/PE 

PBXW^Ha 

95 

S 

96.5 

1  LEVEL  3  RESPONSE 

LEVEL  4  RESPONSE 

IcomplaU  rHctlon.  Con<ln«mtnt  oylindtr  ipllt  op«n 

CompIvlA  riaotlon.  Confintmtnt  oyllndtr  ipllt  Into 
two  or  mori  plioo i. 
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IGNITION  THRESHOLDS 


TNT  EiXHIBiTS  PARTIAL  REACTIONS 
AND  DOES  NOT  APPEAR  LESS  SENSITIVE 


THAN  COMP  B 


*  ^  * 


COMP  B  IS  VERY  SENSITIVE 
AND  REACTS  VIOLENTLY 


FREE  RUN  (nun) 

!«.•  I&9 


PBX-0280 


PBX-0280/PE 


4  «  » 


A  prompt  iinitlotv 
y  flit  linition 
x  no  iinlliori 


4  4  K  fax 

4  4  X 

*  1  " 

X  X  Na>' 

XX  ■  X 


A  prompt  linition 
y  Uti  iinltlon 
X  no  iinltlon 


10  0  0  1  0  l.t  t.O  9.0 

DIMPLE  DEPTH  |mm) 

PIX-0210  CONTAINS  FINE 
(CUStIt  R  A  7)  ROX 
WITH  BOTANI  BINDER 


0  0  1  0  1.0  9.0 

DIMPLE  DEPTH  (nim) 


PBX4ai0/PB  CONTAINS 
COARSE  (CLASS  1|  RDX 
WITH  POLYETHYLENE  BINDER 


PBX-oaaO  18  SIONIFICANTLY  MORE  SENSITIVE  T^IAN 
PBX-Oaeo/PE  ALTHOUGH  EACH  CONTAINS  08  PEHCBNT  RDX 


PBXW-113 

SUMMARY  OP  RESULTS  WITH  PBXW-113 

DIMPLE  DEPTH  (mm)  FREE  RUN  (mm)  (ONITIONT  BXPLOIIVI RBMMNINO 


no  dlmpl* 
no  dlmpl* 
no  dlmpl* 
no  dlmpl* 
no  dlmpl* 
no  dlmpl* 
no  dlmpl* 
no  dlmpl* 
no  dlmpl* 


0.31 

0.30 

0.31 

0.30 


0.70 


1.14 


I'EI  3.3  laic  uae* 

I'EI  0.8  1*1*  ? 

1.*1  _  12.r  lat*  7 

1 .9 1  19,1  ■EBM  PROMPT  EHEI  NONE  E  LEVEL 

1.01  10.1  III*  7 


uae* 

7 

7 

I  NONE  E  LEVEL  4  RESPONSE 
7 


1478 


1479 


STUDY  OF  EXPLOSIVE  SHELL  FILLINGS  WITH  DEFECTS 
IN  SIMULATED  GUN  LAUNCH  CONDITIONS 


C.  B4klanger 

Defanott  Raiearch  BttabUahmtiit 
Valoartiort  Qu4b«Ot  CANADA 


Experiments  were  carried  out  using  the  DREV  Setback  Simulator  to 
study  defects  which  can  be  found  in  shell  fillings  as  a  cause  of  pre¬ 
mature  explosion  during  gun  launch.  The  testing  parameters  studied 
were  bass  separatioiu  and  surface  cauities  for  the  lOB-mm  Ml  shell  at 
different  accelerations.  The  stimulus  of  an  adiabatic  compression  of 
air  from  a  base  separation  of  0.30  mm  caused  consecutive  reactions  in 
CX‘84A,  and  also  in  TNT  and  Composition  but  under  specific 
condithru.  However,  the  effect  of  explosive  shear  and  deformation  from 
a  surface  cavity  was  found  to  be  a  severe  stimulus  for  CX-84A  and  for 
TNT -based  explosives  when  a  high  deformation  rate  was  tested. 


INTRODUCTION 

The  oonditlona  under  which  the  launch  of 
a  ihell  from  a  gun  reiulta  in  a  premature 
initiation  of  iti  exploiive  charge  (iteroaftir 
referred  to  limply  aa  "a  premature”)  are  not 
yet  well  underitood.  Although  the  frequency 
of  their  occurrence  is  fairly  low,  these  reactions 
are  known  to  result  In  catastrophic  con* 
sequences  and  their  numbers  could  increase 
with  the  development  of  more  powerful  launch 
ing  systems.  These  undesirable  initiations 
have  been  the  object  of  many  investigations 
conducted  in  several  countries.  However, 
additional  studies  are  required  to  identify 
which  among  the  launch  parameters  have  a 
dominant  effect  on  the  explosive  fillings  under 
setback  conditions. 

For  economical  and  practical  roosuns,  it 
would  be  difficult  to  conduct  experiments  lead* 
ing  to  prematures  in  the  guns  themselves.  An 
alternative  is  to  simulate  the  setback  stresses 
applied  to  the  er.plosive  filling  during  gun 
launch.  A  setback  simulator  was  designed  at 
the  Defence  Research  Establishment  of 
Valcartier  (DREV)  for  reproducing  most  set¬ 
back  conditions  during  gun  launch  for  specific 
shells,  with  different  explosive  fillings  and 
acceleration  levels,  and  with  their  corre¬ 
sponding  setback  durations.  The  effects  of 


most  filling  defects  which  can  be  found  in 
shells  have  been  studied  as  causes  of 
premature  Initiation.  The  stimuli  present  for 
each  of  these  defecis  were  assessed  separately 
in  order  to  evaluate  their  relative  sensitising 
effect  on  explosive  fllUngi. 

EXPERIMENTS 

The  experimental  method  is  described 
briefly  in  this  paper.  A  more  completo 
description  of  the  DREV  Setback  Simulator 
was  reported  previously  in  Reference  1.  This 
apparatus,  shown  schematically  in  Figure  1, 
was  designed  to  reproduce  as  realistically  as 
possible  most  of  the  conditions  present  in 
shell  fillings  during  gun  launch.  Its  design 
originated  from  the  theoretical  study  in 
Reference  2, 

Realistic  simulations  are  based  on  two 
rngjor  characteristics  of  this  apparatus.  First, 
•;he  setback  stresses  are  applied  on  a  represen¬ 
tative  explosive  specimen  by  a  pieton  with  a 
nmss-to-(.rea  ratio  identical  to  that  of  the  shell 
explosive  filling  considered.  Second,  the 
desired  launch  conditions  are  reproduced  by 
using  a  s')uare  wave  force  with  selected  inten¬ 
sity  and  duration.  The  duration  considered  is 
the  time  when  the  acceleration  of  the  selected 
shell  in  a  gun  is  higher  than  60  percent  of  its 
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Figure  1,  Schema  of  the  DREV  Setback 
Simulator 


maximum  value.  Thus,  the  piston  applies 
utresses  reproducing  the  specific  setback  con¬ 
ditions  desired  to  a  specimen,  The  explosive 
specimen,  with  a  diameter  of  26.40  mm  and 
26.40  mm  in  length,  is  precisely  located  in  a 
rigid  steel  cylinder  between  the  piston  and  an 
anvil,  as  shown  in  Figure  2. 

The  square  wave  force  is  obtained  by 
crushing  a  piece  of  honeycomb  made  of 
corrugated  aluminum.  This  crushing  gives  a 
constant  force  over  a  m^jor  portion  of  its  initial 
height.  The  honeycomb  is  crushed  by  a  76-kg 
hammer  driven  as  a  projectile  in  an  air  gun. 
I'he  hammer  velocity  was  always  greater  than 
that  acquired  by  the  piston  during  the  test.  A 
system  of  ring  springs  stops  the  hammer  when 
the  test  is  complete  in  order  to  prevent  the 
crushing  of  the  honeycomb  beyond  the  point  of 
constant  crushing  force.  The  ring  spring  was 


Figure  2,  Enlarged  View  of  the  Specimen 
Mounting 

designed  such  that  the  friction  between  the 
rings  eliminates  any  signifloant  recoil  of  the 
hammer. 

The  instrumentation  of  the  simulator 
monitors  the  testing  conditions,  A  load  cell 
records  the  force  applied  to  the  specimen  in 
addition  to  the  reaction  peak,  if  any,  including 
its  delay.  The  velocity  of  the  hammer  is  also 
measured  for  each  test  and  occasionally  the 
acceleration  of  the  piston  and  the  pressure 
applied  to  the  specimen  are  measured  using 
transducers.  All  signals  are  collected  and 
processed  by  a  microcomputer  through  tran¬ 
sient  waveform  recorders. 

Experiments  have  been  carried  out  to 
study  the  eiteot  of  base  separations,  surface 
cavities  (explosive/steel  interface),  internal 
cavities,  and  different  TNT  crystallizations. 
From  these  defects,  the  adiabatic  compression 
of  air,  shear  and  deformation  of  the  explosive, 
and  friction  at  explosive/steel  interface  were 
studied  either  together  or  as  a  single  stimulus. 
These  parameters  were  tested  for  a  106-mm 
Ml  shell  accelerated  at  20,000  and  26,000  g^. 
The  explosives  tested  were  cast  TNT  and  Com¬ 
position  B  Crude  A  (RDX/TNT/WAX-69.6/ 
39.6/1)  with  densities  of  1.66  ±  .006  and  1.68 
±  .006  Mg/m^  respectively.  Composition  A-3 
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prei»ed  at  1.69  ±  .006  Mg^m^  and  CX-84A,  a 
eaat-eured  plaatio  bonded  explosive  (PBX) 
developed  at  DRBV.^  CX-84A  consists  of 
84  percent  RDX  and  16  percent  HTPD  binder 
and  has  a  density  of  1.66  ±  .003Mg/tn^. 
Tetryl,  pressed  at  1.66  ±  .006  Mg/ni^,  was  also 
teot4^  for  comparison, 

The  tests  reported  here  were  carried  out 
under  conditions  where  any  motion  of  the 
explosive  filling  inside  the  shell  occurred  at  or 
very  close  to  the  maximum  acceleration 
specified.  Also,  the  Ailing  defects  mentioned 
were  assumed  to  be  at  the  base  of  the  106<mm 
Ml  shell.  In  general,  flve  tests  were  carried 
out  under  each  condition  except  when  three 
consecutive  reactions  were  obtained, 

RKSULTS  AND  DISCUSSIONS 

Base  Separations 

Air  gaps  of 2.50, 1 .60, 1.00, 0.60, 0.33,  and 
0.10  mm  thick  were  tested  to  simulate  base 
separations.  Table  1  shows  the  results 
obtained  for  the  effect  of  the  adiabatic  com¬ 
pression  of  air  under  the  setback  conditions 
mentioned.  Those  with  gaps  larger  than 
0.60  mm  are  not  included  because  reactions 
were  always  obtained  for  all  explosives  tested, 
even  at  20,000  gn. 

Composition  A-S  was  the  least  sensitive 
to  adiabatic  compression.  In  increasing  order 
of  sensitivity,  Composition  A‘^3  was  followed  by 
TNT,  Composition  B,  tetryl,  and  CX-84A.  As 
shown,  tetryl  and  CX-84A  resulted  in  at  least 
one  reaction  with  the  separation  of  0.33  mm, 
but  none  were  obtained  with  the  0.19-mm  gap. 
An  effect  of  base  separations  for  TNT  and 
Composition  B  shell  Alllngs  was  studied  by 
Myers  and  Hershkowits.^  Although  the  num¬ 
ber  of  experiments  is  limited  for  TNT  and  the 
density  is  not  speclAed,  the  results  suggeot 
that  the  sensitivity  of  TNT  is  lower  than  that 
of  Composition  B,  as  in  the  present  study. 

The  effect  of  the  adiabatic  compression  of 
air  was  also  studied  for  TNT  with  large  crys¬ 
tals.  TNT  castings  with  larger  crystals,  corre¬ 
sponding  to  a  density  of  1.54  ±  O.OOC  Mg/m^, 
wore  found  to  be  more  sensitive  to  the  effect  of 
a  base  separation  of  0.60  mm  than  TNT  with 
finer  crystals,  and  signiAcantly  more  sensitive 


than  Composition  B  or  even  tetryl.  The  effect 
of  crystallisation  on  sensitivity  to  adiabatic 
compression  of  air  is  of  interest  and  will  be  the 
obijeet  of  future  studies. 

The  effect  of  the  adiabatic  compression  of 
a  base  separation  of  0.60  mm  was  studied  with 
a  small  hemispherical  cavity  of  1.60-mm  diam¬ 
eter  adiaoent  to  the  air  gap.  As  shown  in 
Table  2,  the  sensitivity  of  Composition  B  was 
appreciably  increased  by  the  addition  of  this 
small  cavity,  whereas  that  of  Composition  A-3 
was  slightly  increased  and  that  of  TNT 
remained  unchanged.  Except  where  specifled 
otherwise  TNT  refers  to  normal 
crystallisation.  An  explanation  for  the 
difference  In  the  results  when  that  small  cavity 
was  added  is  probably  that  the  cavity 
concentrated  or  focused  the  energy  available, 
and  not  because  of  the  additional  air  volume 
which  is  less  than  one  percent  of  that  of  the  air 
gap  tested.  Thus,  for  launch  at  20,000  gn,  the 
adiabatic  coin-presslon  of  a  base  separation  of 
0.60  mm,  when  a  small  surface  cavity  is 
adjacent,  can  be  the  cause  of  premature  for  a 
shell  Ailed  with  Composition  B,  but  not  for 
those  Ailed  with  TNT. 

These  results  simulating  the  launch  at 
20,000  gn  of  a  106-mm  Ml  shell  with  base 
separations  indicate  that  a  separation  of 
0.60  mm  can  be  the  cause  of  premature  of 
CX-84A,  TNT  with  large  crystals,  and  Com¬ 
position  B,  particularly  when  a  small  cavity  Is 
adjacent.  By  comparison,  when  loaded  with 
Composition  A-3,  shell  premature  could  be 
obtained  at  accelerations  of  26,000  gn  If  a  small 
surface  cavity  is  adjacent  to  the  0.60-mm  base 
separation. 

Surface  Cavities 

Cavities  at  the  surface  of  the  explosive, 
i.e.,  at  the  explosive/steel  interface  In  a  shell, 
were  studied.  These  cavities  of  fairly  large 
volume  were  cylindrical  with  a  diameter  of 
8.0  mm  and  a  length  of  6,0  mm  and  hemi¬ 
spherical  with  a  diameter  of  7.0  mm.  The 
stimuli  assessed  when  testing  these  covities 
were  the  adiabatic  compression  of  air  com¬ 
bined  with  the  shear  and  deformation  of  the 
explosive.  The  individual  effect  of  shear  and 
deformation  of  the  explosive  material  was 
studied  by  conducting  tests  under  vacuum. 
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Table  1,  Results  of  Tests  Simulating  the  Launch  oflOS-mm  Shell  With  Base  Separation 


Explosive 

Separation 

Acceleration 

Reactions 

(mm) 

(gn) 

Frequency  Type 

CX.8 


0/6 

N 

0/6 

N 

1/5  (3/3)* 

PP 

0/5  (0/5)* 

N 

1/6  (4/6)* 

PP 

3/6 

E 

0/6 

N 

0/6 

N 

3/6 

PP 

1/5 

PP 

0/6 

N 

1/6 

PP 

0/6 

N 

0/6 

N 

6/6 

P 

1/6 

P 

0/6 

N 

6/6 

P 

1/6 

P 

0/6 

N 

•TNT: 

P: 

PP: 


with  large  crystals 
light  partial  reaction 
heavy  partial  reaction 


explosion 
no  reaction 


Table  2.  Results  of  Teals  Simulating  the 
Launch  of  tOS-mm  Shell  with  a  Base 
Separation  of  0,80  mm  Adjacent  to  a  J.SO-mm 
Diameter  Cavity 


Explosive 

Acceleration 

Reuctiuus 

(gn) 

Frequency 

Type 

TNT 

26,000 

1/6 

PP 

20,000 

0/6 

N 

Comp  A-  3 

26,000 

3/6 

E 

20,000 

0/6 

N 

CompB 

26,000 

4/6 

E 

20,000 

3/3 

E 

Furthermore,  a  friction  effect  at  the  explosive/ 
steel  interface  was  added  to  the  previous 
stimuli  when  the  cavity  was  located  at  the 
bottom  of  the  specimen  Instead  of  the  top. 


The  results  obtained  for  the  cylindrical 
cavity  are  shown  in  Table  3.  The  combined 
effect  of  adiabatic  compression  of  air  and  shear 
and  deformation  of  the  explosive  material  was 
very  severe;  it  led  to  consecutive  reactions  for 
all  the  explosives  tested  at  26,000  and  even 
at  20,000  gn  for  Composition  B  and  CX<84A, 
When  friction  at  the  explosive/steel  interface 
was  added  (cavity  at  the  bottom)  to  the  pre¬ 
vious  stimuli,  the  conditions  were  found  to  be 
significantly  more  severe  for  Composition  A-3, 
but  less  severe  for  Composition  B.  The  results 
for  the  individual  effect  of  shear  and  deforma¬ 
tion  of  the  explosive  material  (tests  under 
vacuum)  indicated  that  Composition  A-3  was 
not  affected  by  this  stimulus  even  at  an 
acceleration  of  26,000  gn  (contrary  to  TNT, 
Composition  B,  and  CX-84A)  which  led  to  the 
same  number  of  reactions  us  when  air  was 
present  in  the  cavity.  These  results  suggest 
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Table  3,  Hesulta  of  Teste  Simulating  the  Launch  of  105-mm  Shell  With  a 
Cylindrical  Cavity  of  0.26  cm^ 


Explosive 

Cavity 

Dia;  8,  H;  6  mm 

Acceleration 

(8n) 

Reactions 

Frequency  Type 

Comp  A*3 

top 

26,000 

3/3 

B 

top 

20,000 

2/6 

E 

bottom 

20,000 

3/3 

E 

top  (vacuum) 

25,000 

0/6 

N 

top  (vacuum) 

20,000 

0/5 

N 

bottom  (vacuum) 

26,000 

1/6 

E 

bottom  (vacuum) 

20,000 

0/6 

N 

TNT 

top 

26,000 

3/3 

PP 

top 

20,000 

4/6 

PP 

bottom 

20,000 

3/3 

PP 

top  (vacuum) 

26,000 

3/3 

PP 

top  (vacuum) 

20,000 

4/6 

PP 

bottom  (vacuum) 

26,000 

3/3 

PP 

bottom  (vacuum) 

20,000 

4/6 

PP 

CompB 

top 

20,000 

3/3 

E 

bottom 

20,000 

2/6 

E 

top  (vacuum) 

20,000 

S/3 

E 

bottom  (vacuum) 

26,000 

3/3 

E 

bottom  (vacuum) 

20,000 

4/6 

E 

CX-84A 

top 

20,000 

3/3 

P 

top  (vacuum) 

20,000 

3/3 

P 

bottom  (vacuum) 

20,000 

3/3 

P 

that  the  shear  and  deformation  of  the  explosive 
in  setback  conditions  was  the  main  cause  of 
reactions  In  TNT,  Composition  B,  and  CX-84A, 
but  not  Composition  A-S.  However,  the  results 
obtained  with  the  hemispherical  cavity  did  noi 
entirely  confirm  this  observation. 

With  a  homispherical  cavity  7.0  mm  in 
diameter,  the  results  in  Table  4  in  comparison 
to  those  with  the  cylindrical  cavity,  indicated 
that  the  stimuli  were  still  quite  severe  for  all 
explosives  tested  at  25,000  gm  but  not  fur  TNT 
at  20,000  gn>  When  the  friction  effect  was 
added,  the  stimuli  was  not  increased  but 
reduced  for  Composition  A-3,  TNT,  and 
particularly  for  Composition  B.  Whereas  the 
individual  eflect  of  shear  and  deformation  did 
not  ignite  any  TNT,  even  at  26,000  gn,  nor  any 
Composition  B  at  20,000  gn.  this  stimulus 
remained  very  severe  for  CX'84A.  Results  on 
the  effect  of  friction  at  the  explosive/steel 


interface  were  not  conclusive,  further  studies 
will  be  carried  out  in  the  future. 

An  explanation  for  the  difference  in 
results  between  the  cylindrical  and  spherical 
cavities  tested  seems  to  be  related  to  their 
volume  rather  than  their  shape.  The  volume  of 
the  hemispherical  cavity  is  0.09  cm^  in  com¬ 
parison  to  0.26  cm^  for  the  cylindrical  cavity. 
The  volume  ratio  is  almost  throe  to  one. 

Thus,  in  the  presence  of  a  cavity  of 
0.26  cm^,  the  individual  effect  of  shear  and 
deformation  of  the  explosive  under  setback 
conditions  at  accelerations  of  20,000  gn  is 
likely  to  cause  a  premature  of  CX-S4A,  Com¬ 
position  B,  and  TNT,  but  not  Composition  A-3 
shell  fillings.  With  a  cavity  of  0.09 cm^  this 
stimulus  is  not  likely  to  cause  a  premature  of 
TNT,  in  addition  to  Composition  A.-3  nilings, 
under  launch  conditions  at  26,000  gn  and  of 
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Table  4,  Reeulla  of  Testa  Simulating  the  Launch  of  lOS-mm  Shell  With  a 
Hemispherical  Cavity  of  0,09  cm^ 


Explosive 

Cavity 

3.6  mm  Radius 

Acceleration 

(Bn) 

Reactions 

Frequency  Type 

Comp  A-3 

top 

26,000 

4/6 

E 

top 

20,000 

3/6 

B 

bottom 

26,000 

2/6 

E 

top  (vacuum) 

26,000 

0/6 

N 

bottom  (vacuum) 

25,000 

1/6 

E 

TNT 

top 

25,000 

3/5 

PP 

top 

20,000 

1/6 

PP 

bottom 

26,000 

2/5 

PP 

bottom 

20,000 

3/6 

PP 

top  (vacuum) 

26,000 

0/5 

N 

bottom  (vacuum) 

26,000 

4/6 

PP 

CompB 

top 

20,000 

3/3 

B 

bottom 

25,000 

4/6 

E 

bottom 

20,000 

0/6 

N 

top  (vacuum) 

26,000 

3/5 

E 

top  (vacuum) 

20,000 

0/6 

N 

bottom  (vacuum) 

26,000 

2/6 

E 

CX-84A 

top 

20,000 

3/3 

P 

bottom 

20,000 

3/3 

P 

top  (vacuum) 

20,000 

4/6 

P 

bottom  (vacuum) 

20,000 

3/3 

P 

Composition  B  flilings  at  accelerations  not 
exceeding  20,000  gn.  A  cavity  volume  would 
have  to  be  reduced  to  slightly  under  0.09  cm^  to 
avoid  premature  of  Composition  B  nillngs  at 
26,000  gn  and  a  Further  decrease  would  be 
required  to  meet  this  objective  for  CX-84A 
flilings. 

The  results  with  the  hemispherical  cavity 
Indicate  also  that  the  combined  effect  of 
adiabatic  compression  of  air  and  explosive 
shear  and  deformation  was  a  significantly 
more  severe  stimulus  for  Composition  A-3  and 
TNT  than  each  effect  considered  individually. 
In  Tables  1  and  2,  Composition  A-3  and  TNT 
were  not  found  to  be  very  sensitive  to  the 
adiabatic  compression  of  an  air  gap  of  0.60  mm 
which  represents  a  volume  of  0.14  cm^;  fur¬ 
thermore,  these  explosives  were  not  found  to 
be  sensitive  to  shear  and  deformation  either, 
as  shown  in  Table  4  for  the  vacuum  tests  By 
comparison.  Composition  B  and  CX-84A  were 


found  to  be  very  sensitive  to  each  individual 
stimulus.  These  explosives  resulted  in  almost 
consecutive  reactions  to  adiabatic  compres¬ 
sion  as  discussed  previously  (Tables  1  and  2) 
and  the  effect  of  shear  and  deformation 
became  a  medor  stimulus  when  a  high  defor¬ 
mation  rate  was  tested  either  for  high 
accelerations  such  as  26,000  gn  or  large 
deformations  such  as  0.26  cm  .  Thus,  a 
minimum  rate  of  shear  and  deformation  seems 
to  be  required  to  produce  a  reaction  in 
Composition  B.  This  observation  also  applies 
in  part  to  TNT,  but  not  to  Composition  A-3. 
This  minimum  rale  would  explain  the 
reduction  in  sensitivity  observed  for  Com¬ 
position  B  in  Tables  3  and  4  when  friction  at 
the  explosive/steel  interface  was  added.  That 
friction  of  the  specimen  on  the  steel  walls  led  to 
a  slower  velocity  than  when  the  piston  was 
accelerated  fl'eely;  thus,  reducing  the  rate  of 
shear  and  deformation  of  the  explosive. 
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Internal  Cavities 

Tests  were  carried  out  on  specimens  with 
internal  cavities  of  diameters  from  0,26  to 
0.40  mm,  0.60  to  0.80  mm,  and  1.2  to  1.8  mm. 
These  experiments  were  conducted  on  cast 
Composition  B.  In  general,  in  each  category, 
the  specimen  had  a  minimum  of  one  cavity  at 
the  maximum  size  mentioned,  and  a  maximum 
of  ten  cavities  within  the  range  specified.  The 
size  and  number  of  the  cavities  were  identllled 
by  radiographs.  The  effect  of  micro-porosity— 
many  cavities  smaller  than  0.1  mm— was  also 
studied, 

The  results  obtainod  are  presented  in 
Table  6.  The  effect  of  internal  cavities  from 
0.60  to  0.80  mm  in  diameter  was  to  consecu¬ 
tively  ignite  Composition  B  while  simulating 
the  launch  of  a  shell  at  26,000  gn.  Under  the 
same  conditions,  the  effect  of  smaller  cavities, 
from  0.26  to  0.40  mm,  and  the  micro-porosity 
did  not  produce  any  reactions  in  five  tests  each. 
A  significant  effect  due  to  the  acceleration 
level  was  indicated  when  cavities  from  1,20  to 
1.80  mm  were  tested.  Only  one  reaction  was 
obtained  for  five  tests  at  20,000  gn  in  compari¬ 
son  to  three  consecutive  reactions  at  26,000  gn 
for  significantly  smaller  cavities  (0.60  to 
0.80  mm).  For  these  tests,  the  stimuli  con¬ 
sidered  were  the  adiabatic  compression  of  air 
in  the  cavity  combined  with  shear  and 
deformation  of  Composition  B. 

These  results  indicate  that  internal 
cavities  from  0.60  to  0.80  mm  in  diameter  are 
likely  to  be  the  cause  of  a  premature  of 
Composition  B  filled  shells  when  launched  ut 

Table  5.  Resultti  of  Teste  Simulating  the 
Launch  of  lOS-mm  Shell  Filled  with 
Composition  H  with  Internal  Cavities 


Cavity  Acceleration  Reactions 
size  (mm)  (gn)  Frequency  Type 


Micro¬ 

porosity 

26,000 

0/5 

N 

0.24  to  0.40 

26,000 

0/6 

N 

0.60  to  0.80 

26,000 

3/3 

B 

1.2  to  1.8 

20,000 

1/6 

E 

26,000  gn,  but  not  those  smaller  than  0.40  mm. 
In  contrast,  at  20,000  gn,  cavities  as  large  as 
1.8  mm  are  not  likely  to  cause  a  premature. 

A  summary  of  all  the  results  obtained  is 
given  in  Figure  3,  It  shows  that  Composition 
A-3  or  TNT  fillings,  depending  on  the  testing 
conditions  considered,  are  the  least  likely  to 
result  in  a  premature  during  gun  launch  of 
106-Ml  shells  with  the  filling  defects  men¬ 
tioned.  They  are  followed,  in  increasing  order 
of  sensitivity,  by  Composition  B  and  CX-84A, 
the  most  sensitive  explosive  tested,  This  figure 
indicates  that  a  base  separation  of  1 .0  mm  is 
more  severe  than  a  cylindrical  cavity  of 
0.26  cm^,  and  a  base  separation  of  0,33  mm  is 
the  least  Important  defect  tested. 

fixplosivenesB 

The  explosiveness  of  each  explosive  was 
also  evaluated  under  different  setback  con¬ 
ditions  in  addition  to  their  sensitivity.  For 
each  individual  explosive.  Its  exploslveneGS 
remained  the  same  under  all  the  conditions 
tested.  Their  explosiveness  was  assessed  by 
analyzing  load  cell  recordings  and  examining 
the  components  upon  dismantling  the  speci¬ 
men  mounting  pieces,  including  any  residual 
portion  of  the  specimen. 

Composition  B  led  to  the  most  violent  reac¬ 
tions,  with  reaction  peaks  higher  than  400  kN 
on  load  cell  recordings.  The  cylindrical  portion 
of  the  piston  was  broken  in  parts  and  the  cyl¬ 
inder  was  usually  reduced  to  three  or  four 
large  pieces.  Only  explosions  (E)  were  obtained, 
no  trace  of  explosive  was  found  and  ignition 
delays  wore  always  shorter  than  0,16  ms. 

Composition  A-3  resulted  in  explosions 
slightly  less  violent  than  Composition  B, 
Reaction  peaks  were  between  300  and  400  kN 
and  the  cylindrical  portion  of  the  piston  was 
broken.  Reaction  delays  varied  from  0,20  to 
0.40  ms.  In  comparison,  TNT  led  to  heavy 
partial  reactions  (PP)  consuming  up  to  80  per¬ 
cent  of  the  specimen.  Reaction  peaks  were 
between  100  and  200  kN  and  they  occurred 
with  delays  from  0.30  to  0.60  ms.  CX-84A 
resulted  in  the  least  violent  reactions,  Only 
light  partial  reactions  (P)  were  obtained,  con¬ 
suming  less  than  IS  percent  of  the  specimen 
and  often  only  a  few  crystals  were  burnt  on  one 
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0.33  mm 


Figure  3,  Summary  of  Setback  Reaulte  Simulating  the  Launch  ofl05-mm  Shell 


face  of  the  specimen.  The  roactiona  were  so 
feeble  that  the  reaction  peaks  were  barely  seen 
on  the  recordings,  Reaction  delays  were 
always  longer  than  2.0  ms.  Tetryl,  tested  for 
comparison,  led  to  heavy  partial  reactions  very 
similar  to  those  of  TNT, 

In  summary,  the  results  indicated  that 
Composition  A-3  or  TNT,  depending  on  the 
setback  conditions,  were  the  least  likely, 
among  the  expiosives  tested,  to  result  in  a 
premature  explosion  during  gun  launch.  They 
are  followed,  in  increasing  order,  by 
Composition  B  and  CX-84A. 

However,  the  CX-84A  behavior  was 
different  than  that  of  the  other  explosives 
tested,  Although  it  was  found  to  be  the  most 
sensitive  to  all  the  stimuli  studied,  it  showed 
the  greatest  resistance  to  the  propagation  of  a 
reaction,  No  significant  reaction  growth  was 
obtained  even  for  setback  stresses  up  to 
260 MPa  applied  for  about  Sms.  Although 
these  results  suggest  that  the  gun  launch  of  a 
106-mm  Ml  shell  filled  with  CX-84A  involving 
defects,  such  as  those  tested  in  this  paper, 
could  lead  to  a  premature  for  accelerations 
higher  than  ?0,000  gn.  unlike  Composition  B,  a 
CX-84A  premature  will  not  have  catastrophic 
consequences.  The  feeble  reactions  obtained. 


combined  with  rather  long  reaction  delays, 
suggcttl  that  a  shell  could  have  reached  the  end 
of  the  gun  tube  before  the  reaction  has  grown 
enough  to  eject  the  fuze  or  if  this  event 
occurred  in  the  gun  barrel,  the  consequences 
would  be  mild  if  not  negligible. 

CONCLUSIONS 

The  experiments  carried  out  simulating 
tho  gun  launch  of  a  106-mm  Ml  shell  with 
niling  defects  have  shown  that  Composition 
A-3  or  TNT,  depending  on  the  conditions 
tested,  would  be  the  least  likely  to  have 
premature  explosions.  They  are  followed  in 
increasing  order  by  Composition  B  and 
CX-84A.  Although  the  PBX  CX-84A  was 
found  to  be  the  most  susceptible  to  premature, 
its  unique  resistance  to  reaction  growth  would 
lead  to  the  mildest  consequences. 

The  effect  of  an  adiabatic  compression  of 
air  from  the  collapse  of  a  base  separation  of 
0.60  mm  simulating  a  20,000  g„  launch  caused 
consecutive  reactions  of  CX-84A,  TNT  with 
largo  crystals,  and  also  Composition  B  when  a 
small  cavity  was  adjacent  to  the  separation. 
This  BlimuluH  can  be  the  cause  of  a  premature 
of  106-mm  shells  filled  with  those  explosives 
during  launch  under  those  conditions. 
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The  single  effect  of  explosive  shear  and 
deformation  was  found  to  be  a  very  severe 
stimulus  for  CX-84A  and  also  for  TNT  based 
explosives  when  a  high  deformation  rate  is 
obtained  either  from  a  fairly  large  cavity  such 
as  0.26  cm^  at  a  moderate  acceleration  or  a 
high  acceleration  of  26,000  gn  with  a  smaller 
cavity.  Thus,  this  stimulus  can  be  the  cause  of 
a  premature  of  shells  illled  with  CX-84A,  TNT, 
and  Composition  B,  but  not  those  illled  with 
Composition  A-3  during  launches  under  the 
conditions  mentioned. 

Internal  cavities  with  diameters  from 
0.60  to  0.80  mm  are  likely  to  cause  a 
premature  of  Composition  B  illled  shells  when 
launched  at  26,000  gn,  whereas  those  smaller 
than  0.40  mm  arc  negligible. 

The  sensitivity  of  cast  TNT  to  the  adia¬ 
batic  compression  of  an  air  gap  is  increased 
significantly  when  its  crystal  sise  Is  increased. 

The  combined  effect  of  the  adiabatic 
compression  of  air  with  the  explosive  shear  and 
deformation  from  a  surface  cavity  of  0,06  cm^, 
was  found  to  be  a  more  severe  condition  in 
Composition  A-3  and  TNT  than  each  stimulus 
tested  individually.  However,  CX-84A  was 


found  very  sensitive  to  each  of  these  stimuli 
and  similar  behavior  was  obtained  with 
Composition  B,  but  to  a  lesser  degree. 

REFERENCES 

1.  Bdlanger,  C.  and  Walker,  G.  R.,  DREV 
Setback  Simulator;  Design  and  Perform’ 
ance,  DREV  Report  4274/82,  DREV, 
Quebec,  Canada,  Nov  1982. 

2.  Pasman,  H,  J,,  Shell  Prematures  by 
Compression  Ignition  and  their  Labora¬ 
tory  Simulation,  DREV  Report  707/76, 
DREV,  Quebec,  Canada,  Apr  1976. 

3.  Drolet,  J.-F.;  Lavertu,  R.  R,;  Bdlanger,  C,; 
and  Walker,  Q,  R.,  Castable  Plastic  Bond¬ 
ed  Explosive  CX-84A,  DREV  Memoran¬ 
dum  3664/81,  DREV,  Quebec,  Canada, 
Oct  1681. 

4.  Myers,  T.  F,  and  HershkowlU,  J.,  "The 
Effect  of  Base  Gaps  on  Setback-Shock 
Sensitivities  of  Cast  Composition  B  and 
TNT  as  Determined  by  the  NSWC 
Setback-Shock  Simulator,”  Proceedings  of 
the  Seventh  Detonation  Symposium,  U.  S. 
Naval  Academy,  Annapolis,  MD,  16  Jun 
1981,  pp.  914  923. 


A  COMPUTATIONAL  ASSESSMENT  OF  THE  ROLE  OF  SHIELDING  IN 
PREVENTING  THE  SYMPATHETIC  DETONATION  OF  MUNITIONS 


J.  Starkenberg,  T.  M.  Doriey, 

K.  J.  BeiOamln,  and  A  U  Arbuokla 
BalUatIo  Reaaaroh  Laboratory 
Abordoon  Proving  Qroundt  MD  21005>S066 


In  order  to  reduce  the  uuinerabitify  of  stored  ammunition,  ehielding 
between  rounds  Hm  been  used  to  prevent  initiation  of  detonation  in  a 
round  (the  acceptor)  when  one  of  its  neighbors  (the  ebnor)  detonates. 
We  have  conducted  a  study  of  the  role  of  shielding  in  reducing  the 
initiation  stimulus  for  a  simplified  two-dimensional  representatiof^  of 
the  problem  using  the  STEALTH  code.  Mechanisms  associated  with 
compression  caused  by  impact  and  massive  deformation  of  the  acceptor 
were  considered.  Three  shield  nuOerials  were  used:  steel,  Lucite,  and 
tungsten,  Three  types  of  shields  were  considered:  single-layered  slabs, 
multilayered  slabs,  and  rode.  Conclusions  regarding  the  effectiveness 
ofshieiulng  that  may  be  drawn  firom  the  computed  results  depend  upon 
the  mschanlsm(s)  that  are  regarded  as  contributing  to  initiation  of 
the  acceptor,  We  found  that,  for  unshielded  rounds,  interround  separa¬ 
tion  has  an  effect  on  the  peak  pressure  and  deformation  rats  stimuli 
which  is  consistent  with  experimental  observations  while  maximum 
deformation  decreases  somewhat  as  interround  separation  increasee, 
Single-layered  metal  shields  are  superior  to  multilayered  and  rod¬ 
shaped  shields  in  reducing  the  initkU  peak  pressure  and  the  average 
deformation  rate.  They  also  do  well  in  reducing  the  late  time  pressure, 
Single-Ulcered  plastic  shields  are  not  as  effective.  Multilayered  shields 
do  a  superior  Job  of  increasing  the  initial  compression  rise  time  and 
reducing  maximum  deformation.  They  can  also  be  effective  in  reduc¬ 
ing  the  average  deformation  rate  and  late  time  pressure.  While  the 
multilayered  shields  perform  best  only  with  respect  to  maximum 
deformation,  tfwy  are  a  close  second  with  respect  to  every  other  measure 
of  sympathetic  detonation  stimulus.  Rod-shaped  shields  are  most 
effective  in  increasing  the  initial  rise  time  but  produce  high  late  time 
pressures,  higher  maximum  deformations  than  no  shield  at  all,  and 
average  deformation  rates  which  are  greater  than  those  with  any  of  the 
other  shields. 


INTRODUCTION 

Gxporionco  with  gympathetlc  detonation 
of  munitiona  hue  led  to  the  interpretation  that, 
for  unprotected  rounde,  the  primary  propaga¬ 
tion  mechaniam  at  cloae  range  ia  shock 
initiation  due  to  casing  impact  while  at  longer 
range,  fragment  penetration  is  the  primary 


mechaniam.  In  order  to  reduce  the  vulnerabil¬ 
ity  of  stored  ammunition,  shielding  between 
rounds  has  been  used  to  prevent  initiation 
of  detonation  in  a  round  (the  acceptor)  when 
one  of  its  neighbors  (the  donor)  detonates. 
The  shielding  serves  primarily  to  prevent 
direct  impact  of  the  donor  casing  or  its 
fragments  on  the  acceptor,  thus  reducing  the 
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initiation  itimulufl.  When  shields  are  used,  the 
shock  and  penetration  mechanisms  may  be 
eliminated  but  propagation  of  violent  reaction 
still  often  occurs.  Considerable  delays  in  the 
response  of  the  acceptor  have  frequently  been 
observed  in  the  presence  of  shielding.  The 
mechanism  in  this  case  is  apparently  related  to 
the  rapid  deformation  of  the  round  end  is  not 
well  understood.  Work  by  Howe,  Gibbons,  and 
Webber  has  demonstrated  that  the  gross  defor¬ 
mation  of  a  munition  leads  to  the  formation  of 
a  region  of  severe  damage  in  the  explosive  near 
the  impact  point  and  to  shear  concentrations  in 
the  remainder  of  the  explosive.^ 

Numerical  simulation  of  detonation  prop¬ 
agation  in  somewhat  simplified  geometries  has 
been  successful  in  guiding  the  design  of  shields 
to  eliminate  the  shock  mechanism.  We  have 
already  simulated  round-to-round  detonation 
propagation,  with  and  without  shielding,*^'^ 
using  the  reactive  2DB  code  and  shielding 
effectiveness  in  reducing  shock  initiation 
stimulus  levels  in  one  dimension^*^  using  the 
STEALTH^  cede.  The  reactive  models  may  be 
of  interest  in  predicting  the  response  of 
acceptors  to  pure  shock  stimuli  but  are 
generally  Inadequate  to  describe  reaction  in 
the  complex  environment  associated  with  sym¬ 
pathetic  detonation.  Use  of  these  models  serves 
only  to  obscure  the  stimuli  generated.  For  the 
present  investigation,  we  have  extended  the 
nonreactive  STEALTH  simulation  of  shielding 
effectiveness  to  two  dimensions  in  order  to 
study  shield  influence  on  mecl  anisms  associ¬ 
ated  with  both  compression  and  deformation  of 
the  acceptor  explosive  and  to  address 
additional  shield  design  considerations. 

SIMUIJ^TION  DESCRIPTION 

The  problem  elements  are  the  donor,  the 
shield;  and  the  acceptor  as  illustrated  in  Fig¬ 
ure  1.  Symmetry  about  the  x  and  y  axes  lends 
to  a  simulation  of  a  single  center-initiated 
donor  flanked  by  shields  and  acceptors  on 
either  side.  The  donor  consista  of  a  steel  casing 
10  mm  thick  and  IOC  mm  in  outside  diameter 
with  a  Composition  B  (Comp  B)  /iU  which  is 
caused  to  detonate  in  order  to  initiate  the 
computation.  The  shield  coufiguration  is 
varied.  It  may  consist  of  a  single  layer  of  one 
material,  multiple  layers  of  two  materials,  or  a 


Figure  1.  Phyiicol  Configuration  of  Shielding 
Simulation 


Figure  2,  Typical  Zoning,  Preeeure  f'ait 
monitored  at  filled  eelle, 

cylindrical  rod.  Unshielded  configurations 
were  also  considered.  The  acceptor  represen¬ 
tation  is  similar  to  that  of  the  donor  except  that 
the  fillis  "inert"  TNT. 

Hyperbolicelliptic  computational  grids 
were  generated  for  explosive  fills.  Casings  are 
described  by  polar  grids.  Rectangular  grids 
were  used  for  the  slab  shields  and  an  external 
program  was  used  to  generate  grids  for  rod¬ 
shaped  shields.  Typical  soning  is  illustrated  in 
Figure  2.  Explosive  fill  grids  are  10  by  7  sones 
for  the  donor  and  40  by  10  zones  for  the 
acceptor.  Casing  grids  are  20  zones  per  quad¬ 
rant  by  6  zones.  Shield  grids  are  6  zones  per 
10  mm  by  5  zones  per  10  mm.  The  grids  inter¬ 
act  with  one  another  without  imparting 
frictional  forces.  We  attempted  to  run  each 
problem  to  120  ps  after  donor  initiation  and 
were  successful  in  most  cases. 
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The  d<)tonation  Comp  B  la  simulated 
using  the  built-in  "LLNL  HE  Burn”  model 
which  incorporates  the  JWL  equation  of  state 
to  describe  the  products.  The  inert  TNT  is 
described  by  Lee’s  unreacted  JWL  equation  of 
state^^  and  all  other  materials  by  Wilkins’ 
model^  with  304  steel  used  for  the  casings. 

In  order  to  provide  a  baseline  from  which 
to  evaluate  the  stimulus  reduction  provided  by 
shielding,  we  made  several  computations  with¬ 
out  shielding  in  which  interround  separation 
was  varied.  We  then  proceeded  to  computa¬ 
tions  in  which  we  used  three  different  shield 
materials:  steel,  Lucite,  and  tungsten.  For 
steel  and  Lucite,  the  effect  of  shield  thickness, 
lateral  extent,  and  of  spaces  between  the  shield 
and  the  rounds  were  considered.  Computations 
with  multilayered  shields  consisting  of  steel 
and  Lucite  were  also  made.  Some  of  the  multi¬ 
layered  shields  considered  simulate  configura¬ 
tions  for  which  experimental  data  Is  available. 
Additional  computations  consider  variations  in 
the  order  of  shield  material  at  constant  areal 
density  and  the  substitution  of  tungsten  for 
steel.  Finally,  we  also  considered  r^-shaped 
shields  of  different  materials.  All  of  the 
computations  are  summarised  in  Table  1 . 

STIMULUS 

CHARACTERIZATIONS 

Several  measures  of  sympathetic  detona¬ 
tion  stimulus  levels  corresponding  to  different 
Ignition  mechanisms  have  been  extracted  from 
the  computations.  These  are  associated  with 
either  the  pressures  generated  in  tho  acceptor 
explosive  or  its  deformation.  Of  particular 
importance  to  ignition  are  the  strength  of  the 
initial  compression  and  its  rise  time,  as  well  as 
the  rate  at  which  the  acceptor  explosive  is 
deformed.  The  maximum  deformation  pro¬ 
duced  may  also  be  of  some  importance, 
particularly  as  it  relates  to  the  degree  of 
damage  to  the  explosive.  Finally,  the  general 
pressure  levels  produced  are  important  since 
they  influence  the  burning  rate  regardless  of 
the  ignition  mechanism. 

Compression 

In  all  of  our  computations,  pressure  was 
monitored  at  a  number  of  points  in  the  acceptor 
explosive  as  indicated  in  Figure  2.  Pressure 


Tabu  i.  Summary  ofProbUm  Configuraiioru 


Shield 

Material 

Interround 

Spacing 

(mm) 

Shield 

Thickness 

(mm) 

unshielded 

0.0 

.. 

unshielded 

10.0 

— 

unshielded 

20.0 

~ 

unshielded 

30.0 

■« 

tungsten 

SO.O 

30.0 

steel 

30.0 

30.0 

Lucite 

30.0 

30.0 

steel 

20.0 

20.0 

steel 

30.0 

20.0 

Lucite 

30.0 

20.0 

Lucite 

30.0 

20.0 

Luc-st-Luc 

30.0 

12.0-6.0-12.0 

Luc-st-Luc 

30.0 

10.0-10.0-10.0 

LuC'St-Luc 

30.0 

9.0-12.0-9.0 

Luo-at-Luc 

30.0 

7.6-16.0-7.6 

st-Luc-st 

30.0 

10.0-10.0-10.0 

st-Luc-st 

30.0 

9.0-12,0-9.0 

st-Luc-st 

30,0 

7.6-16.0-7.6 

Luc-W-Luc 

30.0 

10.0-10.0-10.0 

Lue-W-Luc 

30.0 

9.0-12.0-9.0 

Luc-W-Lue 

30.0 

7.6-16.0-7.6 

W-Luc-W 

30.0 

lo.o-io.o-in.o 

W-Luc-W 

30.0 

9.0-12.0-9.0 

W-Luc-W 

30.0 

7.6-16.0-7.6 

steel  rod 

30.0 

30.0 

Lucite  rod 

30.0 

30.0 

tungsten  rod 

30.0 

30.0 

histories  for  all  monitored  points  with  and 
without  shielding  are  shown  in  Figure  3.  In 
general,  these  configurations  do  not  give  rise 
to  discontinuous  shock  waves.  Rather,  the 
initial  waves  are  ramps  with  various  rise  times 
and  peak  pressures.  The  initial  peak  pressure 
is  highest  and  the  rise  time  shortest  at  the 
near-side  casing  interface  at  or  near  the 
centerline.  The  pressure  decreases  and  the  rise 
time  increases  approximately  as  the  distance 
from  the  near-side  centerline  increases.  In 
order  to  simplify  matters,  the  pressure  history 
of  the  point  in  the  acceptor  explosive  Just  inside 
the  casing  on  the  centerline  is  assumed  to  be 
representative  of  the  overall  loading  of  the 
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Figun  3.  Typical  Acceptor  Bxplotivc  Preetun  Hietoriu 


acceptor  explosive  (especially  in  the  region  in 
which  ignition  has  iMen  observed)  and  has 
been  used  in  the  rest  of  this  report  to  charac¬ 
terise  the  compression  stimulus.  Qenerallyt  We 
saw  an  initial  oompreision  followed  after  some 
time  by  reflected  waves.  The  initial  wave  is  of 
particular  interest  since  it  is  usually  impli¬ 
cated  in  initiation  when  no  shielding  is  pres¬ 
ent.  When  shielding  euffleient  to  inhibit  shock 
initiation  is  present,  the  later  time  pressure 
history  may  be  important,  especially  Insofar  as 
it  influences  the  rate  of  burning.  Both  the 
amplitude  and  rise  time  of  the  Initiai  com¬ 
pression  are  considered  to  be  factors  influ¬ 
encing  sensitivity.  Rise  times  in  the  numerical 
solutions  may,  in  part,  be  artifacts  of  the 
numerical  shock  representation.  The  computed 
rise  time  (usoclated  with  a  genuine  shock  wave 
is  governed  by  the  artificial  viscosity  and  the 
Bone  sise.  This  seemed  to  be  about  2  ps  or  less 
in  our  computations.  Thus,  rise  times  longer 
than  this  may  be  considered  to  result  ftom  the 
geometry  and  loading  of  the  problem  and  are 
not  simply  artifacts.  The  critical  energy 
criterion,  often  expressed  in  terms  of /p2dt,  has 
not  been  used  because  it  is  not  generally 
applicable  to  complex  waveforms. 

Deformation 

Deformation  may  produce  shear  concen¬ 
trations  vrithin  the  acceptor  explosive  or  slip  at 
the  casing  interface  leading  to  ignition  an^or 
damage  to  the  charge  which  enhances  burn 
propagation.  We  have  simply  characterixed 
deformation  using  the  change  in  length  of  the 
acceptor  explosive  fill  along  the  x  axis  normal¬ 
ised  with  respect  to  its  original  length.  The 


average  rate  of  change  of  this  parameter  with 
time  has  also  been  considered.  This  is  defined 
as  the  average  rate  of  change  of  the  defor¬ 
mation  as  it  varies  from  5  to  9&  percent  of  its 
maximum  value.  It  is  assumed  that  the 
mechanisms  affecting  sbnsitivity  of  the  acceptor 
are  directly  related  to  these  parameters.  In 
pertieular,  the  shear  otraln  rates  associated 
with  ignition  of  the  explosive  should  be 
generally  proportional  to  toe  deformation  rate 
for  all  geometrically  similar  problems. 

RBSPONSB  OF  UNSHIELDED 
ACCEPTORS 

Compression 

Four  problems  with  separations  between 
rounds  of  0,  10,  20,  and  30  mm  were  con¬ 
sidered.  The  30  mm  spacing  corresponds  to 
impact  at  the  maximum  easing  velocity 
achieved  in  the  absence  of  fragmentation. 
Pressure  histories  in  the  acceptor  explosive  at 
the  casing  interface  on  the  centerline  are 
shown  in  Figure  4.  The  time  axis  has  been 
shifted  for  each  computation  such  that  the 
initial  compression  appoars  at  about  the  same 
time  in  the  plot. 

In  the  contact  ease,  no  normal  casing 
impact  occurs  and  a  2.4  QPa  compression  with 
a  rise  time  of  about  4  ps  is  produced.  In  the 
eases  where  there  is  an  initial  separation, 
impact  of  the  donor  casing  on  the  acceptor  pro¬ 
duces  somewhat  stronger  initial  pulses  with 
amplitudes  ranging  from  3.6  to  4.1  OPa  and 
rise  times  of  less  than  4  ps.  For  these  cases,  the 
variation  of  peak  pressure  with  separation  is 


1492 


Figure  4,  Effect  of  Separation  on  Acceptor 
Exploiiue  Preeeure  Hietory  for  Unekielded 
Rounde 


weak  and  no  tpeoiflc  trend  may  be  obMrved. 
The  value  of  approximately  3.8  QPa  for  the 
30  mm  epaeing  compares  (kvorably  with  an 
experimental  measurement  of  4.4  QPa.  ^  ^  This 
pressure  is  suffleient  to  promptly  initiate  a 
Comp  B  All. 

Subsequent  compressions  arise  from 
reflections  from  rear  portions  of  the  acceptor 
easing  or  the  y  axis  symmetry  plane.  The 
curved  nature  of  the  former  interface  produces 
incremental  reflections  which  arrive  at  the 
monitored  cell  over  a  period  of  time.  This  pro¬ 
duces  a  compression  with  a  long  rise  time 
which  is  about  as  strong  as  the  initial  shook. 
Since  the  cell  being  monitored  lies  in  the 
acceptor  All  at  the  casing  interface,  we  observe 
this  wave  as  it  is  being  reflected  again, 
accounting  for  the  high  pressure.  The  arrival 
time  of  the  reflection  from  the  symmetry  plane 
varien  with  the  interround  separation.  These 
shocks  appear  as  spikes  in  the  plot  following 
the  initial  shock  by  about  20  to  80  ps.  The 
pressures  generated  by  the  shock  reflections 
are  not  signiAcantly  higher  than  the  initial 
shock  pressures,  and  detonation  would  pre¬ 
sumably  have  occurred  long  before  any  of  these 
reflections  could  have  any  eAbct.  In  all  these 


cases,  the  pressure  has  dropped  essentially  to 
0  by  about  90  ps  after  initial  shock  entry.  The 
general  pressure  levels  following  the  initial 
compression  are  similar  in  all  four  eases. 

Deformation 

The  sequence  of  grid  plots  in  Figure  6 
shows  the  typical  physical  conflguration  of  the 
rounds  as  a  function  of  time.  Deformation  is 
plotted  as  a  Ainetion  of  time  for  the  four 
unshielded  cases  in  Figure  6.  Deformation 
increases  with  time  until  a  maximum  is 
reached  and  then  decreases.  The  maximum 
deformations  and  average  deformation  rates 
are  summarised  in  Table  2,  Maximum  defor¬ 
mation  shows  some  mitigation  at  the  larger 
separations.  The  deformation  rate,  on  the 
other  hand,  is  lowest  for  rounds  in  contact  and 
does  not  vary  signiAcantly  when  an  initial 
separation  is  present. 

Interpretation 

The  peak  pressure  and  deformation  rate 
are  minimised  for  rounds  in  contact.  Thus, 
both  the  compression  and  shear  mechanisms 
are  consistent  with  experimental  observations 
of  suppression  of  sympathetic  detonation  for 
rounds  in  contact.  It  appears  that  deformation 
rate  must  be  considered  along  with  "shock"  as 
an  active  mechanism  for  unshielded  rounds. 

SHOCK  AND  DEFORMATION 
MITIGATION  BY  SHIELDS 

Kesulta  with  Single- Layered  Shields 

We  have  considered  three  different  shield 
materials:  steel,  Lucite  (representing  a  low- 
density,  low-impedance  material),  and  tungsten 
(representing  a  high-density,  hlgh-impednnce 
material).  Figure  7  shows  pressure  history 
plots  for  rounds  shielded  by  30  mm  thick  slabs 


Figure  B.  Sequence  ofOrid  Plots  for  Unshielded  Rounds  With  an  Initial  Separation  of  30  mm 
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Figur*  6,  Kfftct  of  Sopamiion  on  Aeenpior 
Sxplo$w$  Doformation  Mstoty  for  Unthitldtd 
Buundt 


Table  2.  Effect  of  Interround  Separation  on 
Maximum  Deformation  and  Average  Deforma¬ 
tion  Rate  for  Unahielded  Roundt 


Interround 

Bepavatlon 

fmm) 

Maximum 

Deformation 

(mm/mm) 

Average 

Deformation 

Rats 

(mm/mm/ros) 

0 

0496 

4.63 

10 

0,194 

6.13 

20 

0,186 

6.13 

30 

0.175 

6.08 

of  each  material  extending  laterally  to  the  full 
round  diameter  and  in  contact  with  both  the 
donor  and  acceptor. 

With  steel  and  tungsten,  the  initial  peak 
proasures  were  reduced  to  O.d  and  0.6  QPa, 
respectively,  and  the  rise  times  remained  at 
about  4  ps.  in  the  case  of  tlie  steel  shield,  a 
second  ooinpression  with  approximately  the 
same  stren^h  and  rise  time  follows  the  first 
after  about  16  ps,  With  the  tungsten  shield, 
there  is  a  relatively  weak  second  compression. 
With  the  Lucite  shield,  the  pressure  was 
reduced  only  to  2.3  QPa  but  xhe  rise  time  was 
increased  to  about  8  ps.  This  pressure  is  con- 
eidersbly  higher  than  the  measured  value  of 
0.7  QPo  with  polyethylene  shields.’**  Notably, 
the  value  is  closa  to  that  computed  for  rounds  in 
contact.  At  late  times,  there  are  oeveral  strong 
reflected  waves  generated  hy  the  impedance 
diseontlnuities  between  the  Lucite  shield  and 
steel  caoings.  The  flow  in  this  region  is  more 


Figure  7.  Effect  of  Single-Layered  Shield  Mate¬ 
rial  on  Acceptor  Exploeive  Preeeure  Hietory 


nearly  one-dimensional  at  late  times  as  can 
be  seen  in  the  grid  plot  sequence.  This  type  of 
reflection  is  not  observed  with  steel  or  tung¬ 
sten  shields.  Reflected  compressions  appear 
only  very  late  for  the  steel  shield  and  are  quite 
weak  for  the  tungsten  shield.  Thus,  the 
tungsten  shield  is  most  effective  in  reducing 
late-time  pressure.  In  these  problems,  the 
pressures  have  not  dropped  back  to  zero  by  the 
end  of  the  computation, 

A  sequence  of  grid  plots  for  the  steel 
shield  it  shown  in  Figure  A,  while  Figure  9 
shows  the  deformation  as  a  function  of  time 
associated  with  all  three  shields.  The  maxi¬ 
mum  deformations  and  average  deformation 
rates  are  summarised  in  Table  3,  The  Lucite 
shield  allows  the  greatest  maximum  deforma¬ 
tion  and  deformation  rate.  The  deformation 
shows  some  "ripples"  near  the  peak  associated 
with  the  reflected  shocks.  The  steel  and  tung¬ 
sten  shields  do  not  produce  markedly  different 
maximum  deformations  but  the  deformation 
rate  is  much  lower  for  tungsten. 

Results  with  Multilayered  Shields 

Shields  with  multiple  layers  provide 
additional  impedance  discontinuities  which 
were  effective  in  breaking  transmitted  shocks 
up  into  a  series  of  weaker  shocks  or  producing 
increased  rise  times  in  our  onu-dimensional 
study.  We  have  also  examined  tho  effective- 
ness  of  three-layered  shields  composed  of  alter¬ 
nate  layers  of  steel  and  Lucite  us  well  as  of 
alternate  layers  of  tungsten  and  Lucite  in  the 
present  two-dimensional  study.  The  order  of 
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Figure  8.  Sequence  of  Grid  Plote  for  Rounde  Shielded  by  a  SO  mm  Thick  Steel  Slab 


Figure  9.  Effect  of  Single-Layered  Shield 
McUerial  on  Acceptor  Sxploeiue  Deformation 
Hietory 


Table  3,  Effect  of  Shield  Material  on  Maximum 
Deformation  and  Average  Deformation  Rate  fOr 
30  mm  Thick  Single-Layered  Shield 


Shield 

Material 

Maximum 

Deformation 

(mm/mm) 

Average 

Deformation 

Rate 

(mm/mm/ms) 

LucUe 

0.187 

0.167 

steol 

0.132 

0.132 

tungsten 

0.123 

0.123 

the  materials  and  the  relative  thicknesses  of 
the  layers  were  varied  but  all  of  the  shields 
were  30mni  thick  and  symmetry  was  always 
maintained.  We  did  not  generally  observe 
"shock"  breakup  in  the  two-dimensional  com¬ 
putations  (because  the  principal  compression  is 
created  downstream  of  the  shield  by  its  impact 
on  the  acceptor  casing),  but  we  did  see  a 
significant  increased  rise  time  effect.  Pressure 
histories  from  these  computations  are  shown  in 
Figures  10  through  13. 

Some  of  the  computations  were  designed 
to  simulate  experimental  configurations  in 
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Figure  JO.  Effect  of  Layer  Thiehneee  on 
Acceptor  Exploeive  Preeeure  Hietory  for 
Multilayered  Lucite-Steel-Lucite  Shielde 


which  polyethylene  was  used  instead  of  Lueite 
as  the  outer  layer  of  the  shield  and  steel  was 
used  as  the  inner  layer.  We  considered  inner 
layer  thicknesses  of  6, 10, 12,  and  IB  mm  with 
a  30  mm  total  shield  thickness.  The  pressure 
histories  for  these  are  shown  in  Figure  10. 
These  computations  showed  an  increase  in 
initial  compression  rise  time  to  about  8  to  10  ps. 
An  experimental  measurement  is  available  for 
a  configuration  comparable  to  the  shield  with 
the  6  mm  thick  steel  layer.  The  experimental 
value  of  0.4  QPa  is  considerably  lower  than  the 
computed  value  of  2.4  QPa.  Shield  perform¬ 
ance  improves  at  both  early  and  late  times 
with  increasing  steel  content  consistent  with 
the  experimental  results. 

Results  with  steel  as  the  outer  layer  are 
shown  in  Figure  1 1 .  Inner  layer  thicknesses  of 
10,  12,  and  IS  mm  were  considered.  These 
shields  produce  a  substantial  increase  in  rise 
time  to  about  16  ps.  At  early  times,  there  is 
only  a  slight  effect  of  steel  content  on  the 
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Acctptor  Explotivt  Pr§t»ur$  Hi$tory  for 
Mullilaytrod  Stool-LuciU-Stul  ShMdi 


Figun  12,  Effect  of  Laytr  Thieknttt  on 
Acctptor  Bxphtiut  Prctturt  Hittory  for  MulH‘ 
layered  LucUe-Tungeten-Lucite  Shieldt 


inltltol  peak  preaiure  but,  at  late  timei,  con- 
•Iderably  lower  preesurai  are  produced  when 
more  eteel  ii  preient  in  the  ehield,  The  wave 
•trueture  i»  aimpllfled  eonaiderably, 

Reiulta  with  tungsten  as  the  inner  layer 
are  shown  in  Figure  12.  Inner  layer  thick* 
nesses  of  10,  12,  and  16  mm  wore  considered. 
Again,  pressure  levels  are  substantially  lower. 
The  rise  time  of  the  initial  compression  is 
about  10  ps  in  each  case  and  the  peak  pressure 
is  relatively  insensitive  to  the  tungsten  con¬ 
tent.  At  late  times,  iower  pressures  are 
produced  when  more  tungsten  is  present  in  the 
shield. 

Results  with  tungsten  as  the  outer  layer 
are  shown  in  Figure  13.  Inner  layer  thick¬ 
nesses  of  10,  12,  and  16  mm  were  considered. 
These  shields  exhibit  even  longer  rise  times  of 


Figure  IS.  Effect  of  Layer  Thicknttt  on 
Acceptor  Exploelue  Preeture  Hietory  for  Multi- 
Layered  Tungeten-Lueite-Tungeten  Shielda 


about  16  to  20  ps.  The  pressure  histories  are 
remarkably  insensitive  to  variations  in  the 
tungsten  content. 

Results  obtained  when  the  order  of  the 
shield  materials  is  reversed  while  maintaining 
a  constant  shield  mass  per  unit  area  (using  a 
16  mm  thick  inner  layer)  are  illustrated  in 
Figure  14  for  steel  and  In  Figure  16  for  tung¬ 
sten.  For  steel,  the  peak  pressure  is  essentially 
unchanged,  but  the  rise  time  is  increased  to 
about  17  ps  when  steel  is  the  outer  component. 
However,  this  configuration  produces  a  rela¬ 
tively  high  late  pressure.  The  results  are  simi¬ 
lar  for  tungsten  but  some  pressure  reduction 
accompanies  the  rise  time  increase  from  10  to 
20  ps  with  tungsten  as  the  outer  component. 

When  tungsten  is  substituted  for  steel  in 
either  the  inner  or  outer  lajrers,  the  initiation 
stimulus  is  generally  reduced  as  shown  in  the 
pressure  histories  in  Figures  16  and  17.  Rise 
times  are  somewhat  longer  and  initial  peak 
pressures  and  late  time  pressures  are  substan¬ 
tially  reduced. 

Effective  deformation  mitigation  is  also 
achieved  with  multilayered  shields.  A  sequence 
of  grid  plots  for  a  nteel-Luclte-steel  shield  is 
shown  in  Figure  18.  All  of  the  results  for  three¬ 
layered  shields  are  summarised  in  Table  4. 
For  shields  containing  steel,  the  performance 
improves  with  increasing  steel  content.  For 
shields  having  a  (10  percent  steel  content, 
results  are  better  when  the  steel  is  In  the  inner 
layer.  (This  is  the  opposite  of  the  effect  on 
initial  compression  rise  time.)  When  tungsten 
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Figure  14,  Bffeetof  Material  Order  on  Acceptor  Figure  IB,  Effect  of  Inner  Layer  High 
Exploeive  Preeeure  Hietory  for  Multilayered  Impedance  Material  on  Acceptor  Exploeiue 
Steel-Lueite  Shlelde  Preeeure  Hietory  for  M ultilayered  Shielde 
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Figure  IS.  Effectof  Material  Order  on  Acceptor  Figure  17,  Effect  of  Outer  Layer  High 
Exploeive  Preeeure  Hietory  for  Multilayered  Impedance  Material  on  Acceptor  Exploeive 
Tungeten-Lucite  Shielde  Preeeure  Hietory  for  Multilayered  Shlelde 
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Figure  18,  Sequence  of  Grid  Plote  for  Rounde  Shielded  by  a  30  mm  Thick  Steel-Lucite-Steel  Slab 
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Table  4,  Effect  of  Shield  Configuration  on  Maximum  Deformation  and 
Average  Deformation  Rate  for  30  mm  Thick  Multilayered  Shielde 


Material 

Conflguration 

Layer 

Dimensions 

(mm-mm-mm) 

Maximum 

Deformation 

(mm/mm) 

Average 

Deformaiion 

^te 

(mm/mm) 

Luc-st-Luc 

0.142 

3.10 

Luc-st-Luc 

10.0-10.0-10.0 

2.83 

Luc-st-Luc 

9.0-12.0-9.0 

0.127 

2.63 

Luc-st-Luc 

7.6-16.0-7.6 

0.127 

2.02 

st-Luc-st 

10.0-10.0-10.0 

e 

*-2.1 

st-Luc-st 

9.0-12.0-9.0 

0.129 

2.48 

st-Lue-st 

7.6-16.7.6 

0.138 

2.46 

Luc-W-Luc 

10.0-10.0-10.0 

0.121 

1.83 

Luc-W-Luc 

0.119 

1.70 

Luc-W-Luc 

7.6-16.0-7.6 

0.121 

1.48 

W-Luc-W 

10,0-10.0-10.0 

0.113 

1.97 

W-Luc-W 

9.0-12.0-9.0 

0.117 

2.11 

W-Luc-W 

7.6-18.0-7.8 

0.120 

2.31 

^Computation  terminated  before  maximum  deformation. 


origin  may  be  obeerved.  Preiiure  hiatoriee  are 
also  compared  with  those  for  corresponding 
30  mm  thick  fUll-extent  shields  in  Figures  20 
through  22,  Although  the  Initial  compression 
is  slow  with  rods,  the  ultimate  pressure  levels 
are  generally  much  higher  than  with  slabs, 
with  the  possible  exception  of  Luelte. 

A  grid  plot  sequence  for  the  steel  rod  is 
shown  In  Figure  23.  The  maximum  deforma¬ 
tions  and  average  deformation  rates  are  even 
greater  than  those  produced  without  shielding. 
No  significant  dUTerences  between  the  materi¬ 
als  are  obvious.  The  results  are  summarized  in 
Table  6. 

Summary  and  Comparison  of  Shields 

In  Table  6,  we  compare  all  of  the  shields 
on  the  basis  of  the  ranges  of  values  of  the 
important  parameters  obtained  for  each 
general  category  of  shield.  Specifically  con¬ 
sidered  are;  the  peak  pressure  of  the  initial 
compression,  the  associated  rise  time,  the 
maximum  deformation  produced,  and  the 
average  rate  of  deformation.  The  results  for 
shields  constructed  of  Lucite  only  indicate  that 
low-density  plastic  materials  generally  provide 
inadequate  protection.  Shields  containing 
tungsten,  on  the  other  hand,  provide  e::cellent 
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is  substituted  for  steel  iUrther  improvement  in 
both  the  maximum  deformation  and  average 
deformation  rate  is  obtained.  As  an  outer  layer 
material,  tungsten  produces  smaller  maximum 
deformations  hut  higher  average  deformation 
rates  than  as  an  inner  layer  material. 

Kesulte  with  Rod-Shaped  Shields 

Computations  were  made  with  30  mm 
diameter  rod-shaped  steel,  Lucite,  and  tungsten 
shields.  The  Lucite  problem  failed  at  about 
40  ps.  The  pressure  histories  are  compared  in 
Figure  19.  The  pressure  rises  relatively  slowly 
and  is  initially  independent  of  rod  material.  At 


Figure.  19.  Effect  of  Rod-Shaped  Shield  Mate¬ 
rial  on  Acceptor  Explosive  Pressure  History 


Figure  20.  Comparison  of  the  Pressure  History 
for  a  Steel  Rod  with  that  for  a  Steel  Slab 


Figure  21 .  Comparison  of  the  Pressure  History 
for  a  Tungsten  Rod  with  that  for  a  Tungsten 
Slab 


Figure  22.  Comparison  of  the  Pressure  History 
for  a  Lucite  Rod  with  that  for  a  Lucite  Slab 


protection  but  are  almost  always  impractical 
due  to  cost  and  weight  considerations.  Special 
attention,  then,  should  be  given  to  the  shields 
which  Incorporate  steel.  The  best  such  shields 
for  reducing  the  peak  pressure  are  the  single* 
layered  slabs.  The  rise  time  is  most  favorably 
affected  by  rod*shaped  shields.  Multilayered 
shields  provide  the  greatest  mitigation  of 
maximum  deformation  while  the  slabs  are  best 
for  reducing  deformation  rate.  While  the 
multilayered  shields  perform  best  only  with 
respect  to  maximum  deformation,  they  are  a 
close  second  with  respect  to  every  other 
measure  of  sympathetic  detonation  stimulus. 
This  makes  them  an  attractive  choice, 
especially  in  consideration  of  the  uncertainty 
about  what  mechanism  may  be  dominant  in 
any  particular  case.  Although  the  rod  shaped 
shields  perform  well  In  one  respect,  their 
overall  poor  performance  makes  them  unlikely 
candidates. 

CONCLUSION 

Conclusions  regarding  the  effectiveness  of 
shielding  that  may  be  drawn  firom  the  computed 
results  depend  upon  the  meehanlsm(s)  that  are 
regarded  as  contributing  to  initiation  of  the 
acceptor.  We  found  that,  for  unshielded  rounds, 
interround  separation  has  an  effect  on  the 
compression  and  deformation  rate  stimuli 
which  is  consistent  with  experimental  observe* 
tions  while  deformation  decreases  somewhat 
as  interround  separation  increases.  Because 
the  net  deformation  cannot  generally  be  related 
to  a  heating  rate,  we  favor  the  use  of  the 
pressure  history  and  the  deformation  rate  to 
assess  shielding  effectiveness.  Both  of  these 
contribute,  and  shields  which  reduce  both  are 
expected  to  be  most  effective.  At  least  three 
aspects  of  the  pressure  history  are  of  interest; 
the  initial  peak  pressure,  the  Initial  com¬ 
pression  rise  time  (and/or  pressurization  rate), 
and  the  late  time  pressure.  We  have  also 
considered  the  average  deformation  rate  and, 
for  completeness,  the  maximum  deformation. 

Single-layered  metal  shields  are  superior 
to  multilayeied  and  rod-shaped  shields  in 
reducing  the  initial  peak  pressure  and  the 
average  deformation  rate.  They  also  do  well  in 
reducing  the  late  time  pressure.  They  should 
be  chosen  if  Initial  rise  time  turns  out  to  be  an 
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Figur*  S3.  Siquunet  of  Grid  Plott  for  Bounds  Shioldid  by  a  30  mm  Diamitor  Stool  Rod 


Tabu  5.  Effoet  of  ShUld  Maiorial  on  UaxU 
mum  Do/brmation  and  Avorago  Doformation 
Rato  for  30  mm  Diamotor  Rod-Shapod  Shlotdo 


Shield 

Material 

Luelte 

Steel 

Tungeten 


Maximum 

Deformation 

(mm/mm) 


0.242 

0.262 


Average 

Deformation 

^te 

(mm/mm/me) 

-a.9 

4.02 

3.71 


*  Computation  terminated  before  maximum 
deformation. 


unimportant  ooneideration.  Single>laybred 
plaitie  ihielda  are  not  ae  effective.  Multi¬ 
layered  ihielde  do  a  euperior  Job  of  inereaaing 
the  initial  eOmpreeeion  riee  time  and  maxi¬ 
mum  deformation.  They  can  alio  be  effective 
in  reducing  the  average  deformation  rate  and 
late  time  preieure.  Their  choice  may  be  dic¬ 
tated  when  reduction  of  the  initial  eompreiaion 
riee  time  ie  more  Important  than  reduction  of 
the  initial  peak  preieure.  Becauie  they  perform 
well  with  reepect  to  all  typee  of  itimului,  they 
ehould  be  coneidered  when  the  lympathetio 
detonation  mechanieme  are  moet  uncertain. 
Rod-ihaped  ihielde  are  moit  effective  in 
inereailng  the  initial  riee  time  but  produce 


Tabu  6.  Compariion  of  ShUld  Typot  Baood  on  Typical  Valuoi 


Shield 


Unshielded; 

contact 

noncontact 

S'abs: 

iteel 

Lucite 

tungsten 

Multilayer; 

Luc-it-Luc 

it-Luc-st 

Luc-W-Luc 

W-Luc-W 

Rods; 

steel 

Lucite 

tungsten 


Peak 

Preiure 

(QPa) 


♦0.8-1.6 


Rise 

Time 

(|») 


3.9 

2.2-3.6 

4.0-6.0 

6.9-8.3 

3.8- 4.2 

7.8- 9.4 
13.1-17.1 

9.9- 10.6 
15.3-20.0 

*20.0 

12.3 

9.9 


Maximum 

Deformation 

(mm/mm) 


0.20 

0.19-0.19 

0.13-0.16 

0.16-0.19 

0.12 

*0.13-0.14 

•0.13-0.14 

0.12 

0.11-0.12 


Average 

Deformation 

Rate 

(mm/mm/ms) 


*1, 9-2.4 


2.0-3. 1 
2.1-2.6 
1.5-1.8 


*  Best  steel  configuration. 

**  Computation  terminated  before  maximum  deformation. 
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high  late  preeBuree,  higher  maximum  deforma¬ 
tions  than  no  shield  at  all,  and  average  defor¬ 
mation  rate!  which  are  greater  than  those  with 
any  of  the  other  shields.  Their  use  can  only  be 
envisioned  in  the  event  that  compression  rise 
time  is  the  only  important  consideration, 
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A  COMPUTATIONAL  ASSESSMENT  OF  THE  ROLL  OF  SHIELDING  IN 
PREVENTING  THE  SYMPATHETIC  DETONATION  OF  MUNITIONS 

8TARKENBERQ 


SIMULATION  DESCRIPTION 
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2<D  REPRESENTATION 
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RESPONJIE  OF  UNSHIELDED  ACCEPTORS  •  EFFECT  OF  SEPARATION  BETWEEN  ROUNDS 
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AVEhAQE 


INTERROUND 

SEPARATION 

(mm) 

PEAK 

PRESSURE 

(QPi) 

RISE 

TIME 

(/^•) 

MAXIMUM 

DEFORMATION 

(mm/mm) 

DEFORMATION 

RATE 

(mm/mm/ma) 

0 

2.4 

3.0 

0.196 

4.63 

10 

4.1 

0.104 

6.13 

20 

0.186 

8.13 

30 

0.175 

5.08 

■oth  peak  praMurt  and  avaraga  datormatlon  rata  art 
minimum  tor  rounda  In  eortaet  conalatont  with  aoma 
aaparlmantal  obaarvatlona  of  auppraaaton  of  aympathatic 
datonatton  tor  rounda  In  oontoot. 
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RESULTS  WITH  SINGLE-LAYERED  SHIELDS  -  EFFECT  OF  SHIELD  MATERIAL 


t  *Z0fit 

t '  90  fit 


t  ■  120  fit 


AVERAGE 

SHIELD 

PEAK 

RISE 

MAXIMUM 

DEFORMATION 

MATERIAL 

PRESSURE 

TIME 

DEFORMATION 

RATE 

(mm) 

(OPa) 

ifi*) 

(mm/mm) 

(mm/mm/ms) 

luoitt 

■tt«l 

tungsten 


Pressures,  rnsxlmum  dsformstlon  and  average  deformation 
rates  generally  deoraase  with  Increasing  shield  density 


1506 


CQNFIQUHATION 
(7.5mm  •  iS.Omm  ■  7.5mm) 

PEAK 

PRESSURE 

(QP«) 

RISE 

TIME 

(/i») 

MAXIMUM 

DEFORMATION 

(mm/mm) 

AVERAGE 

DEFORMATION 

RATE 

(mm/mm/ms) 

luoitt  •  tlMl  •  luolto 

1.5 

7.8 

0.127 

2.02 

itMl  •  luolto  <  atotl 

1.5 

17.1 

0.138 

2.46 

luolto  •  tungoton  •  luolto 

1.1 

10.8 

0.121 

1.48 

tungoton  •  lucito  •  tungoton 

1.0 

10.6 

0.120 

2.31 
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RESULTS  WITH  MULTILAYERED  SHIELDS  •  EFFECT  OF  SHIELD  MATERIALS 


‘  PRESSURES  ARE  GENERALLY  LOWER  WITH  TUNGSTEN 
LAYERS 
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*  MAXIMUM  OEPORMATIONS  ARE  GENERALLY  LOWER  WITH 
TUNGSTEN  LAYERS 

*  DEFORMATION  RATES  ARE  GENERALLY  LOWER  WITH 
TUNGSTEN  LAYERS 
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RESULTS  WITH  MULTILAYERED  SHIELDS  -  EFFECT  OF  MATERIAL  ORDER 
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•  MtU  lUCIII  Vlll 
lucm  still  luciii 


•  RISE  TIMES  ARE  GENERALLY  LONGER  WITH  HIQH-DENSITY 
OUTER  LAYERS 
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DEFORMATION  RATES  ARE  GENERALLY  LOWER  WITH 
LOW-DENSITY  OUTER  LAYERS 
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RESULTS  WITH  ROD-SHAPED  SHIELDS 


t-  tOO^i 


m  mm 

imiiyiiyyilliyill 


SHIELD 

MATERIAL 

(mm) 

PEAK 

PRESSURE 

(QPa) 

RISE 

TIME 

(/i«) 

MAXIMUM 

DEFORMATION 

(mm/mm) 

AVERAGE 

DEFORMATION 

RATE 

(mm/mm/tna) 

luelt* 

1.7 

12.3 

* 

>^•3.0 

•(••I 

0.9 

10.0 

0.242 

4.02 

lungalan 

1.1 

0.0 

0.262 

3.71 

*  computation  ttrmlnatad  btfort  maximum  datormatlon 

ROD  SHIELDS  GENERALLY  PRODUCE. . . . 


LONG  HISE  TIMES 

VERY  HIGH  MAXIMUM  DEFORMATIONS 
VERY  HIGH  DEFORMATION  RATES 
VERY  HIGH  LATE-TIMF.  PRESSURES 


CONCLUSIONS. . . . 


*  PEAK  PRESSURE  AND  DEFORMATION  RATE  TRENDS  ARE 
CONSISTENT  WITH  EXPERIMENTAL  OBSERVATIONS  FOR 
UNSHIELDED  MUNITIONS 

*  VERY  HIGH  DENSITY  SHIELD  MATERIALS  GENERALLY 
PROVIDE  THE  GREATEST  SYMPATHETIC  DETONATION 
STIMULUS  MITIGATION 

*  SINGLE-LAYERED  SLABS  PROVIDE  STIMULUS 
MITIGATION  WHICH  INCREASES  WITH  INCREASING 
DENSITY  EXCEPT  FOR  RISE  TIME 

*  MULTILAYERED  SHIELDS  PROVIDE  THE  BEST  RISE 
TIME  AND  DEFORMATION  MITIGATION  AND  VERY 
GOOD  PEAK  PRESSURE  AND  DEFORMATION  RATE 
MITIGATION 

*  ROD-SHAPED  SHIELDS  PROVIDE  VERY  GOOD 
RISE  TIME  MITIGATION  BUT  PRODUCE  LARGE 
DEFORMATIONS  AND  DEFORMATION  RATES  AND 
VERY  HIGH  LATE  TIME  PRESSURE 
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OUTPUT  MEASUREMENTS  AND  MODELING  OF 
HNS  MILD  DETONATING  FUSE 


R.  G.  Jungit  and  M.  E.  Kipp 
Sandia  National  Laboratodea 
Albuquerque,  New  Mexico  87186 


The  explosive  output  characteristics  of  HNS  in  aluminum  sheath  mild 
detonating  fuse  (MDF)  have  been  measured  with  VI8AR  and 
compared  to  results  from  HNAB  in  aluminum  or  PETN  in  lead  sheath 
MDF,  Peak  particle  velocities  generated  in  PMMA  windows  by 
detonating  HtfS  MDF  were  found  to  decrease  for  smaller  sample 
diameters  and  pulse  widths  narrowed  to  approximately  0,36  ps  at  ^If 
maximum  for  a  2-grain/foot  core  load.  Implications  of  this  pulse  shape 
for  acceptor  initiation  from  MDF  are  discussed.  A  trailing  peak  whose 
separation  from  the  detonation  front  increased  regularly  with 
increasing  sample  diameter  was  consistently  present  in  the  particle 
velocity  records,  Numerical  calculations  revealed  that  a  reflected  wave 
from  the  inner  wall  of  the  MDF  sheath  converges  on  the  axis  behind  the 
detonation  front  to  form  this  feature.  The  effect  of  sheath  material 
properties  and  detonation  front  curvature  on  the  amplitude  and 
position  of  this  trailing  peak  were  also  investigated. 


INTRODUCTION 

Mild  detonating  fuse  (MDF)  is  used  in  a 
variety  of  applications,  including  explosive 
transfer  lines,  delays,  and  precision  timing 
trains.  The  explosives  PETN,  RDX,  HNAB 
and  HNS  are  all  ccmmonly  found  in  this  type 
of  product,  but  HNS  is  of  particular  interest 
currently  due  to  its  improved  thermal  stabil¬ 
ity  over  these  other  materials.  In  some  cases, 
the  desired  explosive  core  load  is  only  a  few 
grains  per  foot  which  raises  questions  as  to  the 
effects  of  the  small  diameter  on  explosive 
propagation  and  the  characteristics  of  the 
explosive  output  into  acceptor  charges.  Deto¬ 
nation  velocity  (VOD)  measurements  on  HNS 
MDF  have  shown  no  explosive  propagation 
effect  from  reducing  explosive  column  diam¬ 
eters  down  to  0.33  mm  (a  l-grain/foot  core 
load),*  but  output  has  not  been  studied  in 
detail. 

The  duration  of  the  pressure  pulse 
produced  in  an  acceptor  from  MDF  would  be 
expected  to  decrease  as  the  MDF  diameter  is 


reduced.  Since  the  relative  initiation  sensiti¬ 
vities  of  acceptor  explosives  are  commonly 
pulse  width  dependent,  knowledge  of  the  pulse 
shape  produced  by  MDF  would  aid  in  selecting 
materials  and  particle  sizes  for  acceptor 
charges  which  would  optimize  interface  per¬ 
formance  margins.  Such  information  was  not 
previously  available  for  small  diameter  MDF 
samples,  mainly  because  of  experimental 
difficulties  inherent  in  studying  these  small 
explosive  cross  sections. 

In  this  work,  Velocity  Interferometer 
System  for  Any  Reflector  (VISAR)  instrumen¬ 
tation^  was  used  to  record  the  particle  velocity 
produced  in  PMMA  windows  by  detonation  of 
different  core  loads  of  HNS  in  aluminum 
sheath  MDF.  For  comparison,  samples  con¬ 
taining  HNAB  in  aluminum  and  PETN  in  lead 
were  also  evaluated.  Numerical  simulations  of 
the  experimental  configuration  were  employed 
to  provide  insight  into  mechanisms  responsible 
for  unexpected  structure  observed  on  the 
particle  velocity  records. 
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RP-e  DCT 


PMMA 

WINDOW 


1.07  DIA  X  28,7  LG  MDF 


DIFFUSE  REFLECTIVE  SURFACE 
,076  THK  KAPTDN  FILM 


NDTEi  ALL  DIMENSIONS  ARE  IN  MILLIMETERS 

Figure  1.  MDF  Output  Teet  Fixture 


EXPERIMENTAL 

Figure  1  ehowi  the  teit  flxture  used  in  the 
VISAR  date  acquisition,  All  samples  were 
initiated  with  RP-2  detonators.  Although 
Figure  1  shows  a  piece  of  2-graln  /foot  MDF  set 
up  for  test,  the  same  configuration  bored  out  to 
a  suitable  diameter  was  used  for  a  variety  of 
core  loads.  A  2  mm  length  of  MDF  was  left 
unsupported  Just  in  front  of  the  window  for  all 
tests.  The  total  length  of  the  MDF  sample  was 
approximately  30  mm  which  served  to  isolate 
the  results  from  detonator  effects.  Slicing  with 
a  rasor  blade  while  supporting  the  MDF  in  a 
metal  block  gave  a  reasonably  square,  flat  end 
which  would  minimise  air  gaps  at  the  window 
interface.  One  face  of  the  12.7-mm  thick 
PMMA  window  was  lapped  to  give  a  diffuse 
surface  and  then  approximately  6000  A  of 
aluminum  was  vapor  deposited  on  that  face  to 
provide  a  reflector  for  the  VISAR  laser  beam. 
The  aluminum  was  protected  from  erosion  by 
detonation  products  during  the  shot  with  a 
0.076-mm  thick  Kapton  bufler. 

Alignment  of  the  VISAR  laser  beam  on 
the  part  of  the  window  directly  opposite  the 
explosive  core  of  the  MDF  was  critical  to 
recording  usefril  data.  The  laser  beam  diam¬ 
eter  was  about  0.26  mm  at  the  target,  which  is 
half  the  diameter  of  the  explosive  core  in  the 
smallest  sample  studied.  Since  the  aluminised 


window  is  opaque,  beam  alignment  was  carried 
out  with  a  clear  window  of  the  same 
dimensions  in  place.  This  accounts  for  beam 
skewing  due  to  refraction  in  the  window 
material.  The  sample  fixture  was  held  in  a 
heavy  metal  block  so  that  no  movement  could 
occur  when  the  windows  were  exchanged. 
Repeated  switching  of  the  windows  with  no 
observable  change  in  alignment  verified  that 
this  was  actually  the  ease.  A  thin  layer  of 
grease  around  the  outer  edge  of  the  window 
held  it  in  contact  with  the  flxture  during  test 
firing.  Grease  at  the  center  of  the  window  was 
avoided  since  it  was  found  to  generally  cause 
reflected  light  levels  to  fluctuate  enough 
during  a  shot  that  VISAR  data  were  often  lost. 

A  dual  leg  VISAR  system  operating  at 
1  mm/ps  velocity  per  fringe  was  used  to  mea¬ 
sure  particle  velocity  at  the  PMMA  window 
interface.  For  each  shot,  612  data  points  were 
recorded  with  a  time  resolution  of  either  2  or 
4  nanoseconds  per  point.  Missing  fringes 
needed  to  resolve  velocity  differences  v.hen 
reducing  the  two  VISAR  data  legs  were  kidded 
in  the  first  6  ns  of  data. 

Core  loads  for  all  the  MDF  samplos  were 
derived  from  the  measured  weight  loss  when 
the  explosive  was  dissolved  using  dimethyl- 
formamide  or  acetone.  The  actual  explosive 
density  was  calculated  from  this  weight  and 
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Table  I .  MDF  Sample  Matrix  and  Measured  Characteristics 


Core  lioad 
(grain/foot) 

Explosive 

Sheath 

Material 

Explosive 
Density  (g/cm^) 

OD(mm) 

ID  (mm) 

1.96 

PETN 

Lead 

■HffTHHII 

1.27 

0.66 

2.01 

HNAB 

Aluminum 

1.09 

0.61 

2.03* 

HNAB 

Aluminum 

1.69 

0.66 

2.12 

HNS-II 

Aluminum 

1.31 

1.07 

0.66 

2.13* 

HNS-ll 

Aluminum 

1.69 

1.02 

0.68 

10.1 

PETN 

Lead 

1.60 

1,47 

14.6 

ims-ii 

Aluminum 

1.47 

1.63 

19.1 

PETN 

Lead 

1.45 

3.10 

2.01 

29.1 

PETN 

Uad 

1.46 

3.66 

2.46 

79.9 

IlNS-Il 

Aluminum 

1.46 

6.41 

3.96 

'*PreBBurized  at  60  kpsi 


tho  volume  of  the  ahouth  cavity  as  detorminod 
by  filling  an  empty  piece  with  a  fluid  of  known 
density  (glycerol).  The  largest  core  load  MDF 
would  not  retain  glycerol  long  enough  for  a 
weighing,  bo  the  cavity  volume  in  this  case  was 
obtained  from  the  outer  dimeneions  and  a 
Bheath  volume  baaed  on  the  sheath  weight  and 
denaity. 

RESULTS  AND  DISCUSSION 

Viaar  Kxperiments 

Table  1  lists  the  matrix  of  MDF  samples 
which  was  studied  with  the  VISAR.  Figure  2 
shows  typical  particle  velocity  profiles 
recorded  when  firing  MDF  samples  containing 
11  NS  explosive.  A  decrease  in  pulse  width  from 
1.46  ps  at  half  maximum  in  the  80  grain/foot 
case  to  0.36  ps  for  the  2-graln/foot  sample  was 
observed.  The  largest  peak  particle  velocity 
also  declined  from  2.30km/s  to  1,69  km/s. 
Some  variability  was  noted  in  the  amplitude 
results  from  duplicate  samples,  but  the  pulse 
widths  and  the  overall  wave  shape  were,  in 
general,  quite  reproducible.  Lower  particle 
velocities  could  have  been  caused  in  some  casus 
by  slight  gaps  at  the  oxplosi vo/window  inter¬ 
face  due  to  some  roughness  remaining  in  the 
explosive  surface.  Figure  3  compares  the 
2-gruin/foot  HNS  MDF  output  to  those  from 
simitar  core  loads  of  IINAR  and  PBTN  in 
MDF.  The  largest  peak  particle  velocity  found 
was  similar  for  all  three  materials  once 


variations  duo  to  the  dominant  explosive  core 
density  effect  were  disoountod.  The  1.69  km/s 
peak  particle  velocity  (10.4  QPa  pressure) 
generated  in  the  PMMA  window  by  the 
1,96'gruin/foot  PETN  sample  was  unexpect¬ 
edly  low.  PKTN  was  predicted  to  generate 
larger  particle  velocities  in  tho  VISAR 
experiment  than  HNS  at  the  same  density, 
based  on  simpio  overlaps  of  detonation  product 
adiabats  with  Hugonlots  for  unreacted  Kapton 
and  PMMA,^  At  larger  diameters,  the  experi¬ 
mental  PKTN  MDF  output  was  close  to 
predicted  values.  The  fact  that  i^KTN  has  a 
smaller  critical  diameter  than  tINS  argues 
against  diameter  as  the  sole  cause  for  the 
disagreement  between  experimental  and 
predicted  particle  velocities.  PETN  explosive 
propagation  should  have  been  affected  less  (if 
at  all)  by  the  small  size  of  the  2-grain/foot  MDF 
than  that  of  HNS.  Table  2  gives  particio 
velocity  results  for  all  of  the  samples. 

Thu  pulse  widths  were  similar  for  all  the 
2-grain/root  samples,  which  was  expected 
considering  the  similarity  in  column  diam 
elers.  This  width  is  intermediate  between  that 
typical  of  large  booster  pellets  and  that 
generated  by  flying  plates.^  This  implies  that 
the  initiation  sensitivities  of  acceptor  explo- 
sivos  from  2-grain/fuot  MDF  ought  to  also  be 
intermediate  to  their  sensitivities  in  typical 
long  and  short  pulse  situations.  In  the  case  of 
HNS,  large  particle  size  material  is  more 
sensitive  to  long  pressure  pulses  such  as  in  tho 


Figure  2.  VISAJt  Records  ofPMMA  ParticU  Figure  3.  Comparison  of  PMMA  Particle 
Velocities  Generated  by  Different  Nominal  Core  Velocity  Profiles  Generated  by  2-Grain/Foot 
LoadsofHNS  inAl  MDF(Unpres$urised)  MDF  Containing  Different  Explosives 


Tabu  2.  PMMA  PartUU  VeloeiiUi  (knenttd  by  MDFSampUi 


Core  Load 
(grain/foot) 

Explosive 

Type 

Explosive 

Oensi^ 

(g/cm”) 

Particle  Velocity 
(km/s) 

Predicted  Observed 

_ 

Pressure  in 
PMMA 
(OPa) 

1.96 

PBTN 

1.S7 

2.06 

1.69 

10.4 

2.01 

HNAB 

1.46 

2.06 

1.91 

12.6 

HNAB 

1.69 

2.29 

2.23 

16.9 

2.12 

HNS^II 

1.31 

1.76 

1.69 

10.4 

2.18* 

HNS-n 

1.69 

2.36 

2.13 

14.8 

10.1 

PBTN 

1.60 

2.30 

2.21 

16.7 

14.6 

HNS-II 

1.47 

2.00 

1.96 

’2.9 

16.1 

PBTN 

1.46 

2.21 

2.23 

16.9 

29.1 

PBTN 

1.46 

2.21 

2.27 

16.4 

79.6 

HNS-II 

1.46 

1.96 

2.30 

16.7 

*PreMuricod  at  60  kpsi 


gap  teit,  while  a  fine  partioie  liie  hae  been 
found  to  perform  better  in  ehort  pulie  eaiei,*^ 
Qap  teste  using  2-grain/foot  HNS  MDF  donors 
and  HNS  acceptors  with  various  partieie  siies 
confirm  that  fine  particle  material  is  slightly 
more  sensitive  to  the  MDF  output*  and,  there¬ 
fore,  this  situation  is  near  a  crossover  point  for 
optimum  acceptor  partieie  size. 

Pressurized  samples  of  HNS  and  HNAB 
MDF  did  give  higher  outputs  than  their 
unpressurized  analogs  due  to  the  higher 
explosive  core  densities.  Pulse  widths  were  not 
significantly  affected  by  pressurization.  The 
pressurised  2-grain/foot  HNS  samples  con¬ 
tained  higher  explosive  core  densities  than  the 
80-grain/foot  HNS  MDF,  but  the  peak  particle 
velocities  were  still  lower  in  the  small  diam-  | 
eter  case.  This  suggests  a  diameter  effect  on  f 
the  peak  pressure,  but  could  also  be  partly  | 
caused  by  an  inability  of  the  VISAR  to  record 
the  true  peak  for  the  sharper  particle  velocity 
profiles  exhibited  by  the  small  diameter 
samples. 

Instead  of  a  simple  detonation  wave 
transmitted  into  the  window,  some  additional 
structure  was  nearly  always  present  on  the 
particle  velocity  records.  The  feature  consist¬ 
ently  observed  was  a  second  peak  trailing  the 
detonation  front  whose  position  appeared 
related  to  the  sample  diameter  as  shown  in 
Figure  4.  Changing  the  explosive  core 
material  did  not  seem  to  affect  its  location 


significantly.  This  second  peak  does  broaden 
the  pulse  delivered,  particularly  for  small 
diameter  MDF,  and  therefore  could  have 
some  influence  on  acceptor  initiation  margins. 
There  were  perceived  to  be  two  possible  sources 
of  this  second  peak;  (1)  The  diagnostic  tech¬ 
nique  used  to  obtain  the  particle  velocity 
histories  might  be  Intrusive,  the  sample 
fixture  itself  being  responsible  for  reflections 


DIIMimt  eCK  OMItTDI  (tW) 

□  HNS  4  MNW  «  KTN 

Figure  4.  DiamtUr  Dependence  of  Separation 
of  Second  ParticU  Velocity  Peak  from  Detona¬ 
tion  Front 
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causing  the  peak  to  Torm,  or  (2)  The  peak 
forms  In  the  MDF  and  is  being  accurately 
acquired  by  the  diagnostic  technique.  Devel¬ 
oping  insight  as  to  the  origin  of  this  feature 
was  the  motivating  factor  for  the  accompany¬ 
ing  numerical  studies. 

Mumerioal  Simulations 

There  were  two  approaches  to  the 
numerical  simulations:  (1)  a  reactive  kinetics 
model,  and  (2)  programmed  burn  techniques. 
A  homogeneous  reactive  kinetics  model  has 
recently  been  developed  for  very  fine-grained 
and  the  initial  modeling  work  focused 
on  using  this  with  a  recent  version**  of  the 
TOODY  shockwave  propagation  code  to 
simulate  detonation  in  2-graln/root  ilNS  MDF. 
The  homogeneous  model  was  developed  for 
I.6g/em^  HNS  with  a  grain  size  of  almut  I  - 
2  pm.  While  this  is  not  very  similar  to  the  25  - 
30  pm  mean  grain  size  of  the  HNS-II  used  to 
initially  load  the  MDF  fill  tubes,  considerable 
fracturing  of  the  explosive  particles  does  occur 
while  the  MDF  is  being  reduced  to  its  final 
diameter.  HNS  MDF  cross  sections  do  not 
generally  show  well-defined  explosive  crystal 
boundaries,  so  the  precise  particle  size  in  the 
MDF  is  not  known.  These  calculations,  of  the 
2.13-grain/fooi  HNS  core  load,  showed  no 
evidence  of  trailing  wave  formation  in  the 
MDF  during  steady  detonation  and  pressure 
contour  plots  indicated  that  there  was  very 
little  curvature  of  the  detonation  front. 
However,  these  calculations  did  make  it  clear 
that  refloclions  from  the  window  or  buffer  in 
the  fixture  for  the  VISAR  experiment  were  not 
responsible  for  the  formation  of  the  second 
wave. 

As  a  consequence  of  uncertainty  as  to 
whether  the  reactive  model  was  really  suited 
to  analyze  the  behavior  of  this  particular  HNS, 
a  programmed  burn  detonation  deHnition  in 
TOODY  was  used  to  proscribe  the  curvature  in 
the  detonation  front.  A  series  of  calculations  in 
which  the  curvature  varied  indicated  that,  as 
the  radius  of  curvature  decreased,  there 
appeared  on  the  MDF  axis  a  trailing  peak 
whose  strength  depended  on  the  radius  of 
curvature  (Figure  6). 

An  example  of  the  internal  reflections 
that  lead  to  this  structure  is  shown  in  a 
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Figure  5.  Calculated  Pressure  Contours  on 
the  Axis  of  2'QrainJFoot  HNS  in  Aluminum 
Sheath  MDF  Shouting  the  Effect  of  Increasing 
Radius  of  Reaction  Front  Curvaturv 


pressure  contour  plot  in  Figure  6  for  the  case  of 
curvature  radius  0.4  mm  (the  axial  pressure 
distribution  corresponds  to  Rc  =  0.4  mm  in 
Figure  5).  The  interaction  of  the  det.onation 
front  with  the  inner  wall  of  the  MDF  sheath 
produces  a  steady  reflected  wave  which  pro¬ 
jects  rearward  into  the  reaction  products.  For 
shallow  curvature,  the  reflected  wave  ampli¬ 
tude  is  small  and  the  waves  do  not  extend  far 
enough  to  converge  on  the  MDF  axis.  At  some 
threshold  curvature,  the  reflected  waves  attain 
enough  intensity  to  converge  and  the  trailing 
pulse  appears.  The  separation  between  the  two 
peaks  is  primarily  determined  by  the  MDF 
core  diameter,  but,  us  illustrated  in  Figure  6 
for  2-grain/foot  samples,  is  also  controlled  by 
the  curvature.  Figure?  compares  calculated 
and  experimental  PMMA  particle  velocity  pro¬ 
files  resulting  from  detonation  of  2-grain/foot 
HNS  MDF.  Although  the  match  is  nut  perfect, 
similar  pulse  shapes  were  obtained  and  no 
attempt  has  been  made  to  refine  the  curvature 
for  a  best  fit.  The  amplitude  of  the  calculated 
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Radial  Coordinate  (mm) 


Axial  Coordinate  (mm) 


Figure  6,  Calculated  Freanure  in  Detonating 
2 'drain/ Foot  HNS  in  Aluminum  MDF  with  a 
Detonation  Front  Curvature  ofOA  mm  Hadiua, 
The  pressure  contours  in  one-hulf  the  axially 
symmetric  MDF  cross  section  show  a  reflected 
wave  flrom  the  sheath  wall  and  the  trailing  peak 
near  1 ,6  mm  on  the  axis, 


nuc  (ui) 


Figure  7.  Particle  Velocity  Profile  at  the 
PMMA  Window  Interface  from  Detonating 
2-Grain/Foot  HNS  in  Aluminum  Sheath  MDF. 
Experimental  VISAK  record  is  from  a  pres¬ 
surized  MDF  sample  containing  HNS  at  1.69 
g/cm^  density.  Calculated  curve  was  obtained 
with  a  0.5  mm  radius  detonation  front  and 
1 .8g/cm^  HNS  detonation  parameters. 


curve  iH  expected  to  be  lose  than  that  of  the 
experiment  since  a  somewhat  iower  HNS 
density  was  used  in  the  simuiation.  It  shouid 
aiso  be  noted  that  the  actuai  amplitude  of  the 
measured  particie  velocity  couid  possibly  be 
less  than  shown  here,  due  to  divergent  wave 
effects  in  the  PMMA  window*  A  quantitative 
evaluation  of  this  is  not  possible  without  more 
detailed  characterization  of  the  detonation 
front  curvature. 

Additional  simulutions  were  carried  out 
to  deflne  what  combinations  of  sheath  material 
properties  and  detonation  front  curvature 
would  cause  a  substantial  second  pulse  to  form. 
The  favorable  combinations  proved  to  be  fairly 
limited.  For  example,  maintaining  a  sheath 
material  impedance  similar  to  aluminum,  but 
reducing  the  sound  velocity  and  increasing  the 
density  (antimony  material  properties)  signifi¬ 
cantly  reduced  the  amplitude  of  the  trailing 
pulse  as  shown  in  Figure  8.  Use  of  PMMA  as 
the  confining  material  led  to  a  detonation  wave 
with  a  large  curvature  even  with  the  reactive 
kinetics  model.  However,  the  reflected  waves 
were  of  such  small  amplitude  in  this  case  that 
a  second  pulse  did  not  appear  to  form.  This  is 
somewhat  at  odds  with  VISAK  data  on 
6.35  min  diameter  HNS  pellets  pressed  Into 
PMMA  sleeves  where  a  second  wave  was 
experimentally  observed  0.75  ps  after  the 
detonation  front.^  The  position  of  this  peak 
followed  the  same  diameter  dependence  as  the 
MDF  samples  (sue  Figure  4).  The  difference  in 
scale  between  the  calculation  with  small  diam¬ 
eter  PMMA  conrinomont  and  the  experiments 
with  pellets  in  6.36  mm  PMMA  sleeves  may 
account  for  the  disagroemont. 

CONCLUSIONS 

VISAK  measurements  have  found  the 
output  of  2-grain/font  IINS  MDF  to  be 
intermediate  in  pulse  width  to  pressure  pulses 
from  booster  pellets  and  thin  flying  plates. 
Output  amplitude  was  also  somewhat  reduced 
for  small  core  load  MDF  as  compared  to  larger 
diameter  samples.  This  may  at  least  partially 
be  due  to  uncertainties  in  recording  the  initial 
sharp  peak  in  the  particle  velocity  profiles 
gonoratod  by  small  diameter  samples.  These 
results  imply  that  fine  particle  IINS  acceptor 
charges  should  optimize  initiation  margins  at 
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interface*  with  very  small  diameter  HNS  MDF 
donors.  The  beginning  of  this  trend  has  been 
confirmed  by  experiments  with  2-grain/foot 
HNS  MDF.  Numerical  modeling  of  the  VISAR 
test  has  revealed  that  a  secondary  pressure 
pulse  trailing  the  detonation  front  originates 
within  the  MDF  and  that  its  relative  position 
and  amplitude  are  related  to  the  particular 
material  properties  of  the  MDF  sheath  and  the 
degree  of  curvature  of  the  detonation  front. 
This  combination  of  measurement  and  Simula ' 
tion  has  led  to  an  enhanced  understanding  of 
details  regarding  MDF  output.  In  addition, 
MDF  offers  a  rather  unique  two-dimensional 
test  which  may  aid  in  evaluation  of  new  reac¬ 
tion  kinetics  models  for  explosive  detonation. 
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Figure  8.  Calculated  Pressure  Profllee  on  the 
Axle  of  Detonating  2‘OrainJFoot  HNS  MDF. 
Detonation  front  radiue  of  curvature  it  fixed  at 
0.5  mm,  A)  Aluminum  eheath;  B)  Antimony 
eheath. 
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CONCLUSIONS 

•  Pressure  pulse  wldlhs  fjencralcd  by  2  grain  fool  MDF 
samples  arc  inierir  ecliele  to  Ihosc  from  booster  pellets  or 
thin  flying  plnlcs 

•  Pino  particle  ncceplor  materini  Is  Indicated  to  optimire  the 
interlace  to  very  smalt  diameter  MDF  donors. 

•  A  trailing  pressure  pulse  Is  observed  whose  position  Is 
related  to  the  MDF  diameter. 


APPROACH 

•  Use  VISAR  diagnostics  to  measure  particle  velocity 
protilet  generated  In  PMMA  windows  by  detonating  MDF. 

•  Model  VISAR  experiment  to  ctarily  the  mechanism 
responsible  for  structure  ot  the  pressure  pulse. 


MOTIVATION 

Characleflie  »mall  diamolor  MDF  donors  lo  optimize 
Interlace  margins  with  various  acceptors  In  eiplosive  trains. 


I  Sandia  National  Laboratories 
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SIMULATION 


Detonation  Front  Curvature  Affeete  Calculated  Shape  of  Preeture  Wave  In  MDF 


Ciperimental  Delay  of  Trailing 
Wave  Oependa  on  MOP  Diameter 
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Experimental  Verauc  Simulated 
VISAR  Particle  Velocity  from 
2QrBln/FootHNSMDF 
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':«r:  ariMiXfwiSBwifits  to  deploy  T-64  reactive  armour 

JET  INmimON  MECHANISMS 
AND  SENSITIVITIES  OF 
COVERED  EXPLOSIVES 


DST04 

MELBOURNE 


f 


STUDT  OBJECTIVE 

For  jet  strike  on  covered  solid  explosives: 

1.  Identify  the  various  initiation  mechanisms  and  the  ir 
operatmg  regimes. 

2.  Detentune  predictive  criteria  for  the  detonation 
threshold  and  any  limiting  conditions. 


inr  INDUCED  PRESSURE  PROFILES 
Comiratatioiial  Method  and  Resohs 


L  Method 


a.  Jet  liTipact  pressuiv  on  UtQOt  oiwn  by  |el  vnlci(%,  Huconloft 
and  Impedance  matching  across  jetdarget  surtace. 

b,  Assume  bow  wave  wlocity  In  cowr  equal  to  penetration  velocity, 


c,  Pressure  change  acmss  bow  wave  shock,  given  by 

PatflA/,, 

d,  Bow  wave  pressure  Iransmltled  from  rear  cover  surface  to 
BxploslvB,  dotermInBd  by  Impedance  matching  techniques. 

e,  Stagnation  pressure  at  jetAaiget  Intnrixe  given  by 
Bernoulli rolatlonsitip  „  _ 

(,  For  let  penetration  of  explosh/o,  steps  b’  and  b'  gtve  tmv  wave 
.sliock  pressure. 
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IDEKTIFIED  INlTlimON  MECHANISMS 
Which  Ones  Aie  Important? 


pact  shock,  small  Impact  areii  and 
Immediate  side  rarefactions  limit  It  to  covers  less  than  a  law 
let  diameters  thick.  Prediction  based  on  Held's  V'd  k. 


Inlllatlon  from Jet  bow  wave  shock  in  cover  transmitted  Into 
”  Composrtlon  B. 


Sunwrletltv 

II  (MniMtNiii  iHvii  (<i  |t;i  onity  mUi  llii'iiiiukjliii'i  f) 
thus  nm  ImiH  (i*!  |ii'iN.>t(.iliun  »> 
b  Ciiwi  -  8(iH{h.iiiii1i)tsllik:lk 

MHH.K  .lllrini.llifl  tl)  tH'l  rltiut  .ulx  'lilt  .l1 
C  COUNhlllHl  iHCrjlIIU  ht  C(IIII|II)<,|||(H>  I)  I  /  k  tt,u 

Slii)<ar  l»OiiiikliH|iahuil|i(i’5*iiii».(iuiiit>ilii!i  tti.U 
ll  IhllAAly  111  linli-tlllDN.'  ik'iiHUiHIII  |li>l>Viii1il 


•  Inlllatlon  try  |ol  ireiietiullori  bow  wave  In  exploslvu 

a.  Tables  1  and  2  show  how  wave  lorttrod  In  explosive  has  a 
oruater  pressure  lharr  that  transmitted  Irorn  a  bew  Witvo 
In  .steel. 

b.  Alihuugli  stagnation  pressure  Is  higher  than  txxw  wrtvo 
pressure,  11  occurs  trxr  late  (lew  /rs),  critical  hrrw 
pressures  are  sufficient  to  cattse  Initiation,  subcrillcal 
bow  waves  may  cause  dosensitlsallon  of  explosive, 
Predlctlvir  criteria  are  based  on: 
our  v/d  =  k,oi  V,do'/j  ^  k, 


r;4'\  liilliatlorr  by  sulmunlc  Jot  perttrlrntlon  ol  Coirifrtrsltiort  If 
a.  Indicated  Iry  ohitrt)  (urtin  to  a  vitry  loiiij  rtrit  lo  rleloirntiorr, 
peiteirnlaru  velocity  rerliiced  Itr  rrorilc  larlrit  (2  h  In 
2,/km/s). 

I).  iSutigtisIs  idiangrr  liom  tthock  lo  rlrtllanralloit  In 
ilelrmalluii  lulllalloir. 

c.  Oeraee  lor  linger  illamelrir  lets  anil  may  be  Ihii  iiiiper 
limit  lor  V'd  k  lyiie piiiillcllvn niiuallons 


q™  ) 

1.  How  do  small  diameter  jets  fit  the  picture? 


a.  BARE  EXPLOSIVES 

Normaliv  initiated  by  impact  shock  but  here  we  present  support  for  a  proposal 
that  in  some  situations  it  is  replaced  t^  jet  penetration  bcw  wave  initiation . 

The  transition  can  be  linked  to  the  ratio  of  jet  diameter  and  minimum 
detonation  diameter. 


,v;  H  10 iMmSKia 


•inlir.'vt  »■ 


b,  PREDICTIVE  CRITERIA 

Critical  velocities  for  075mm  diameter  copper  jet  bow  wave  initiation, 
Steel  covered  Composition  B:  V  =  6,0km/s  -♦  V‘  ‘d  =  40mm '/;is^ 
BareH-6:  V^5.5km/s  -♦  V|’’d  =  36mmV^iS^ 


2.  Does  spall  contribute  to  behind-the-plate 
jet  initiation? 

a.  Effect  of  variation  of  spall  type  on  critical  jet  velocity. 


ff-  .K 


n  I II I 


fttsuus 

s’m  iv.Sfs  *»«■.'/' V<  •»» 


h.  Jet  only  and  spall  only  expenments. 


;  RESUtr; 
Composilion  B 
failed  to  dcion, Me 


'  ntSUlT 
j  nompusifion  fl 
j  tailed  todeUiRMr 


THUS  SPALL  DOES  NOT  CONTRIBUTE  TO  JET  INITIATION  OF 
COMPOSITION  6  AT  THE  DETONATION  THRESHOLD  -  IT  CAN  BE 
IGNORED  IN  PREDICTIVE  CRITERIA  AND  HAZARD  ANALYSIS. 
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Time-resolued  measurementB  of  prena are  profilea  from  the  detonation 
of  explosive^  devices  can  provide  critical  information  on  device 
performance.  The  special  problems  presented  by  the  small  size  of  the 
piezoelectric  polymer  gauges  and  nonplanar  impacts  are  studied  over  a 
range  of  impact  conditions.  The  response  of  PVDF  gauges  under 
precisely  controlled  impacts  shows  highly  reproducible  results  to 
pressures  of  20  QPa,  Under  approximately  planar  loading  with  small 
detonator  flyer  plates,  the  PVDF  signals  appear  to  be  reduced  by  about 
15  percent.  For  highly  nonplanar  flyer  impacts  the  PVDF  signals  are 
reduced  by  about  35  percent.  In  all  stress  environments,  high  quality, 
time-resolved  current  pulses  are  observed. 


INTRODUCTION 

Knowledge  of  the  response  of  explosives 
and  explosive  devices  is,  in  large  part,  based  on 
measurements  describing  the  detonation  pro¬ 
cess  or  the  resulting  stress  pulses  produced  by 
the  explosive  event.  Although  relatively  crude 
measurements  can  be  used  to  indicate  that  a 
detonation  event  has  occurred,  modeling  of 
detonation  processes  and  quantitative  design 
of  explosive  devices  requires  time-resolved 
measurement.  At  present,  most  of  the  time- 
resolved  observations  are  made  with  particle 
velocity  measurements  with  the  VISAK  or 
electromagnetic  particle  velocity  gauges,  or 
stress  measurements  with  the  Manganin  or 
other  piezoresistant  gauges.* 


Over  the  last  few  years,  there  has  been 
considerable  work  in  progress  to  study  the 
featuresofthe  piezoelectric  polymer  Aim  polyvi- 
nylidene  fluoride  (PVDF)  under  high  pressure 
shock  loading.*'^  Although  full  character¬ 
ization  of  the  material  is  not  complete,  it  is 
clear  that  if  the  material  is  prepared  with 
careful  attention  to  the  mechanical  processing 
(stretching)  and  to  the  electrical  processing 
(electrical  poling),  highly  reproducible 
responses  can  be  achieved  to  shock  pressures  of 
over  40  QPa.  1'he  range  of  pressure  accessible 
for  measurement,  the  unobtrusive  nature  of 
the  thin  film,  the  simplicity  of  the  circuitry, 
and  the  large  signal  levels  from  such  PVDF 
gauges  are  highly  desirable  features  for  a 
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gauge.  In  addition,  if  the  output  of  the  gauge  is 
monitored  in  a  "current  mode,”  the  measured 
current  provides  a  measure  of  the  stress-rate. 
Thus,  a  far  more  sensitive  measure  of  details  of 
the  stress  profile  can  be  obtained  with  PVDP 
than  heretofore  possible. 

Present  interests  in  detonator  perfor¬ 
mance  require  measurements  over  dimensions 
smaller  than  about  5  mm;  thus,  a  gauge  for 
such  a  measurement  must  not  be  larger  than 
about  1  mm.  With  a  typical  film  thickness  of 
25  microns,  two-dimensional  electrical  field 
fringing  is  expected  to  influence  both  the 
electrical  poling  process  in  gauge  preparation 
and  gauge  measurements, 

The  purpose  of  the  present  study  is  to 
characterize  the  shock-compression  response  of 
a  1  mm  x  1  mm  active  area  PVDK  gauge  that  is 
subject  to  standardized  gauge-preparation 
processes.  The  shock  response  is  studied  in  both 
compressed-gas  gun,  controlled  impact  loading, 
and  in  detonator  loading  configure. lions.  In  the 
present  paper,  a  brief  summary  of  standard¬ 
ization  processes  will  be  described,  followed  by 
a  description  of  the  controlled  impact  loading 
and  the  detonator-response  measurements. 

PVDF  PIEZOELECTRIC 
POLYMER  MATERIAL* 

Although  a  chemical  characterization  of 
the  present  material  as  PVDF  indicates  a 
common  basis  for  a  starting  material,  it  does 
not  adequately  describe  electrical,  mechanical, 
and  other  physical  properties.  Both  meciianical 
and  electrical  processing  have  a  strong  influ¬ 
ence  on  the  structure  of  PVDF,  The  piezo¬ 
electric  and  pyroelectric  properties  desired  for 
most  uses  of  the  polymer  derive  from 
processing  that  produces  a  polar  crystalline 
phase,  designated  P  phase.  Well  prepared  film 
may  have  up  to  60  percent  crystalline  material, 
but  the  composition  of  any  film  depends  upon 
the  mechanical  processing  which  is  accom¬ 
plished  with  mechanical  stretching.  The 
largest  concentrations  of  P-phase  PVDF  are 
achieved  with  biaxial  stretching,  which  has 
been  found  to  be  essential  to  produce  high 
quality  film. 

Once  formed  by  the  mechanical  treatment, 
the  P  phase  crystallites  must  be  aligned 


electrically  to  achieve  a  state  of  remanent  ferro¬ 
electric  polarization.  As  a  typical  ferroelectric, 
the  treated  film  has  physical  properties 
controlled  substantially  by  the  remanent  polar¬ 
ization,  which  may  typically  vary  from  2  to 
9  pC/cm.^  Even  in  a  high  remanent-polarization 
state,  it  should  be  recognized  that  the  film  is 
heterogeneous,  both  mechanically  and  electri¬ 
cally,  dun  to  the  presence  of  both  amorphous 
and  p-phase  material  and  internal  fields  due  to 
heterogeneous  distribution  of  polarization.  At 
best,  high  quality  PVDF  film  is  substantially 
more  complicated  than  piezoelectric  crystals, 
such  as  quartz*  or  lithium  niobate,*'  which 
have  been  used  in  the  past  for  time-resolved 
measurements  of  shock-compression  stress 
pulses. 

In  order  to  achieve  a  highly  reproducible 
material,  Francois  Bauer  of  the  Institut  de 
Saint-Louis  in  France  has  developed  a 
patented  process*'*  to  electrically  treat  good 
mechanical-quality  PVDF  film  to  achievr  a 
reproducible  and  internally  uniform  state  of 
electrical  polarization.  As  shock  gauges  are 
destroyed  in  use  and  must  be  studied  over  an 
extended  period  of  time  to  characterize  the 
response,  such  reproducible  starting  material 
must  be  in  hand  before  a  credible  shock  gauge 
can  be  developed.  In  a  cooperative  program 
with  Bauer,  our  laboratory  has  worked  to 
standardize  a  PVDF  gauge  sensing  element 
and  carry  out  its  characterization  under  high 
pressure  shock  loading.  As  there  is  no  unique 
set  of  properties  for  PVDF  without  specifying 
the  processing,  it  is  necessary  to  designate  a 
particular  grade  of  PVDF  which  follows  the 
processing  procedures  recommended  by  Bauer. 

STANDARDIZED  PVDF  GAUGE 

The  principal  features  of  the  standardized 
Bauer  PVDF  shock  gauge  are: 

1.  High  quality,  biaxially-stretched 
PVDF  film. 

2.  Polymer  film  thickness  of  nominally 
26  micron. 

3.  Sputtered  gold-over-platinum  strip 
electrodes  and  leads. 

4.  Remanent  ferroelectric  polarization  of 
9.2  pC/cm^. 


1630 


6.  Quantitative  specification  of  physical 
and  electrical  characteristics. 

6.  Bauer  electrical  poling  process. 

For  the  gauge  elements  of  the  present 
report,  the  flltn  was  formulated  and  biaxially- 
stretched  by  the  Rhone  Poulenc  Company  of 
Lyon,  France,  in  a  batch  of  material  designated 
RPA  by  our  working  group.  The  electrode  plat¬ 
ing  and  electrical  poling  was  carried  out  by  the 
Metravib  Company  of  Lyon,  Prance  at  a  labora¬ 
tory  in  Saint- liouis,  France.  A  batch  of  100 
gauges  was  produced  with  a  remanent  polariza¬ 
tion  of9.16±0.16pC/cm®,  da3  =  20.2±  1.4  pC/N 
and  relative  dielectric  constant  12.7  ±0.7.  Both 
controlled  projectile  impact  and  detonator 
response  studies  were  carried  out  on  this  batch 
of  gauges.  Other  batches  of  biaxially-stretched 
nim  from  this  supplier  have  been  found  to 
achieve  the  standardized  polarization  and  other 
material  constants  within  similar  ranges. 

COMPRESSED-GAS-GUN 

EXPERIMENTS 

The  experimental  arrangement  used  to 
characterize  the  Bauer  PVDF  gauge  elements 
is  similar  to  that  used  previously  for  study  of 
quartz^  and  lithium  niobate'^  gauge  crystals,  in 
that  standard  materials  are  used  for  impactors 
and  targets  under  planar  low-tilt  projectile 
impact  configurations.  Impact  velocities  are 
measured  to  an  accuracy  of  less  than  0.1  per¬ 
cent.  A  schematic  drawing  of  the  arrangement 
is  shown  in  Figure  1. 

Fur  the  stress  range  from  about  2  to  7  QPa, 
z-cut  quartz  crystals  arc  used  as  impactors  and 
targets  for  standards  to  establish  the  stress 
imposed  on  the  PVDF.  For  the  stress  range  of 
about  5  to  18  Gl^a,  z-cut  sapphire  crystals  are 
used  for  standards.  These  two  crystalline 
materiais  remain  elastic  to  stresses  approach¬ 
ing  20  QPa.  With  the  use  of  such  high  quality 
single  crystals,  ntaterial  properties  are  repro¬ 
ducible  within  a  few  tenths  of  a  percent  and  the 
release-wave  behavior  is  not  influenced  by 
elastic-plastic  response.  For  stresses  less  than 
2  GPa,  the  polymer  Kel-F  is  used  as  the 
standard.  Although  reproducibility  of  shock 
properties  of  such  a  polymer  will  not  approach 
that  achieved  by  quartz  and  sapphire,  there  is 
sulTlcient  data  in  the  literature  to  support  an 
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Figure  t.  Impact  Loading  Configuration 


accurate  stress  calculation,  Kel-F  matches  the 
shock  impedance  of  PVDF  to  a  good  approxi¬ 
mation.  At  stresses  higher  than  20  GPa,  a 
tungsten  carbide,  Kennametal  68,  is  used  for 
the  standard.  The  properties  of  this  material 
are  under  study. 

To  achieve  well-defined  impact  condi¬ 
tions,  the  gauge  elements  are  bonded  directly 
on  the  impact  surfaces  of  the  targets.  For  the 
tungsten  carbide  targets,  a  12  micron  thick 
film  of  PTFE  (Teflon)  is  placed  on  either  side  of 
the  PVDF  Film  for  electrical  insulation.  PTFE 
does  not  shock-polarize  at  the  stress  levels 
encountered.  In  this  configuration,  the  gauge 
element  is  subjected  to  an  initial  stress 
determined  by  the  shock  impedances  of  the 
impactor  and  gauge  element  and,  subse¬ 
quently,  "rings-up”  to  a  final  pressuro  deter¬ 
mined  by  the  shock  impedances  of  the  target 
and  impactor,  At  low  pressure,  the  transit  time 
is  typically  1 1  nsec,  and  at  higher  pressure,  the 
time  is  typically  5  nsec.  Because  the  loading  is 
rapid  relative  to  the  transit  time,  the  loading 
in  this  configuration  produces  a  lower  tem¬ 
perature  rise  from  shock-induced  heating  than 
in  a  direct  shock  to  the  peak  pressure. 

The  electrical  response  of  the  PVDF 
elements  is  recorded  on  LeCroy  6880  digitizers 
with  a  digitizing  rate  of  0.742  nsec,  a  vertical 
resolution  of  8  bits  and  a  frequency  response  of 
250  MHz.  Other  digitizers  have  been  found  to 
be  inadequate  to  accurately  record  the  very 
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rapidly  varying  signals.  Signals  are  trans¬ 
mitted  from  the  gauge  element  to  the  digitizer 
througii  a  length  of  about  1 3  meters  of  Andrews 
LDF-60;  a  low-loss  coaxial  cable  (2.4  dB/)00feet 
at  1  GHz). 

The  recorded  current-versus-time  pulses 
are  integrated  and  processed  in  a  special  data- 
reduction  program  v/hich  has  been  compared  to 
another  program  developed  independently  by 
Bauer.  Comparison  of  data  processed  by  either 
program  has  been  found  to  agree  within  a 
range  of  ±2  percent. 

A  summary  of  the  experimental  coiiflg- 
orations  and  piezoelectric  response  data  is 
shown  in  Table  1.  The  plot  of  shock-induced 
piezoelectric  current  observed  at  various  peak 
shock  pressures  is  shown  in  Figure  2  for  1  ntm^ 
active  area  gauges  studied  in  this  work.  For 
comparison,  earlier  reported  data  on  larger 
gauges  (9  mm^  active  area)  wiiich  are  much  iess 
influenced  by  electrical  Held  fringing  are  shown. 

DETONATOR  RESPONSE 
EXPERIMENTS 

Two  types  of  detonators  were  used  in  this 
series  of  experiments.  Both  devices  use  the 
explosive  compound  2-(5-cyanotetrazalato) 
pentaamminecobelt  (III)  perchlorate  (abbre¬ 
viated  CP^^)  which  undergoes  a  deflagration- 
to-detonation  transition  (DDT^h.  The  first 
device  to  be  tested  will  he  referred  to  as  the 
Mod  B  test  detonator.*^  It  was  designed  to 
meet  the  need  for  a  relatively  simple  test 
device  which  could  be  used  for  studies  of  design 
parameters  for  the  application  of  the  explosive 
CP.  The  detonator  consists  of  two  pressings  of 
energetic  material  in  the  igniter  region  and 
four  in  the  output  region  for  a  nominal  total 
mass  of  130  milligrams.  The  second  device  to 
be  tested  will  be  referred  to  as  the  4  mm  (the 
diameter  of  the  flyer)  system  detonator.  Also, 
six  pressings  of  CP  are  used  in  this  detonator. 
There  are  three  pressings  in  the  igniter  region 
and  three  in  the  output  region  for  a  nominal 
total  mass  of  180  milligrams  of  CP. 

Experimental  Arrangements 

A  fixture  has  been  developed  to  precisely 
mount  and  align  the  PVOF  gauge  and  the  deto¬ 
nator,  Figure  3  shows  an  exploded  component 
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Figure  3.  Mounting  Fixture  for  Detonator  and 
PVDF  Gauge 


view  of  the  gauge  assembly,  the  base  plate,  and 
the  alignment  bridge.  A 12  micron  thick  Teflon 
film  is  used  to  electrically  isolate  the  gauge 
from  the  stainless-steel  closure  disk  placed  on 
the  end  of  the  detonator.  A  thin-fllm  Hysol 
epoxy  (2038  resin  and  3404  hardener)  la  used 
to  bond  the  Teflon  film  to  the  gauge,  and  the 
gauge  to  the  backing  material.  The  backing 
material  (the  flyer  target  material)  is  either  of 
the  two  polymers,  Kel-F  or  PMMA.  These 
materials  are  chosen  for  their  known  shock- 
Hugoniot  properties. 
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Table  1 .  Pietoelectric  Polymer  (PVDF)  Impact  Reeponee  Meaeuremente 

(1x1  mm  Active  Area) 


Experiment 

Number 

Configuration* 

Impactor  Target 

Impact 

Velocity 

km/sec 

Initial 

Stress* 

QPa 

Peak 

Stress* 

QPa 

Electrical 

Charge 

pC/cm» 

2259 

Vac/Kel-P  PVDP/Kel-P/Air 
6.08/4.73  .026/3.12 

0.292 

0.70 

0.70 

0.961 

2260 

Vac/Kel-P-+  PVDP/Kel-P/Air 
6.08/4.74  .026/3.13 

0.636 

1.40 

1.40 

1.33 

2233 

Vac/ZSi02-»  PVDP/ZS102/Air 
6.08/4.77  .026/3.19 

0.320 

1.27 

2.79 

1.96 

2263 

Vac/Kel-P  PVDP/Kel-P/Air 
6.08/4.76  .026/3.10 

1.021 

3.11 

3.11 

2.19 

2239 

Vac/ZSi02->  PVDP/ZSi02/Air 
6.08/4.76  .026/3.18 

0.503 

2.14 

4.47 

2.41 

2240 

Vac/ZA1203  PVDP/ZAI203/Air 
6.08/4.76  .026/3.18 

0.416 

2.07 

9.60 

3.02 

2241 

Vac/ZA1203  PVDP/ZAI203/Air 
6.08/4.76  .026/3.18 

0.486 

2.48 

11.1 

4.09 

2266 

Vac/ZA1203  PVDP/ZA1203/Air 
6.08/1.67  .026/4.74 

0.637 

2.83 

12.3 

4.65 

2251 

Vac/ZA1203  PVDP/ZA1203/Air 
6.08/4.67  .026/3.18 

0.683 

3.80 

16.7 

6.63‘‘ 

2242 

Vac/ZA1203  -♦  PVDP/ZA1203/Air 
6.08/4.74  .026/3.18 

0.690 

3.87 

16.8 

4.90 

2243 

VacAVC  -♦  PTPE/PVDP/WC/Air 
6.08/3.17  .012/.026/3.18 

0.466 

21.1* 

5,47 

*  Impaclor  and  target  thicknesBes  are  listed  in  millimetera. 

^  The  initial  stress  is  that  produced  by  the  impact  of  the  impactor  on  the  gauge  whoso  Hugoniot  is 
taken  as  corresponding  to  Kel-F. 

^  The  peak  stress  is  taken  as  that  achieved  by  the  direct  impact  of  impactor  and  target.  It  is 
achieved  by  the  reverberation  of  the  initial  shock  between  target  and  impactor. 

^  The  active  area  of  this  gauge  was  not  confirmed  prior  to  use  and  may  have  been  in  error. 

*  Hugoniot  properties  of  the  WC  (tungsten  carbide,  Kennametal  68, 16.0  Mg/m^)  are  being  refined 
at  this  time. 


For  assembly,  the  gauge  is  approximately 
centered  on  the  backer,  bonded  to  the  backer, 
and  the  assembly  Is  cured  at  ambient  tempera¬ 
ture  under  pressure  overnight.  A  microscope 
(20X)  and  holder,  mounted  in  an  alignment 
bridge,  are  then  used  for  precise  alignment  of 
the  detonator  and  gauge  active  area.  The 
insert  shown  in  Figure  3  indicates  the  view 
seen  through  the  microscope.  After  alignment, 
the  bolls  holding  the  bridge  to  the  base  plate 


are  firmly  tightened.  This  procedure  centers 
the  detonator  over  the  active  area  of  the  gauge 
to  within  .16  mm.  A  detonator  with  its  holder 
then  replaces  the  microsoope/holdor.  The  unit 
can  bo  set  in  contact  with  the  gauge  for  direct 
contact  use  or  a  Teflon  spacer  may  be  used  to 
position  the  detonator  for  use  in  the  flyer  plate 
mode.  The  holders  are  destroyed  in  each  shot, 
but  the  assembly  is  designed  for  reuse  of  the 
bridge/  base-plate  unit. 
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It  is  imporUnt  to  observe  that  in  this 
configuration  the  PVDF  gauge  surface  is 
within  12  microns  of  the  impact  surface  and 
that  its  sensing  area  is  about  one-quarter  of 
the  flyer  diameter. 

INSTRUMENTATION 

The  instrumentation  used  in  these  experi¬ 
ments  is  shown  in  the  block  diagram  of  Fig¬ 
ure  4.  The  current  pulse  from  the  gaugo  is  split 
at  a  current  viewing  resistor  (CVR)  with  an  N 
type  Tee  so  that  a  primary  and  secondary 
channel  may  be  recorded,  Each  cable  is 
terminated  with  its  characteristic  impedance 
of  60  Ohms.  The  vertical  amplifier  sensitivity 
of  the  primary  channel  is  normally  sot  to 
achieve  good  resolution  with  the  secondary 
channel  set  less  sensitively  to  assure  recording 
of  the  signal  without  clipping. 


Figure  4.  Instrumentation  Block  Diagram  for 
Detonator  Teats 

Low-loss  coaxial  cables,  such  as  Cable- 
ways  FLC12-60J  (1.37  dB/100  feet  at  1  Oik), 
are  used  to  prevent  distortion  of  the  several 
nanosecond  duration  current  pulses.  A  Hewlett 
Packard  54111  waveform  digitiser  was  used  to 


record  the  signal  at  1  nanosecond/point 
sampling  rate.  This  digitiser  has  a  6-bit 
vertical  resolution  and  a  260  MHz  frequency 
response.  Control  of  the  waveform  digitizer,  as 
well  as  analysis  of  the  data,  is  done  by  a 
Hewlett-Packard  desktop  computer, 

The  experimental  arrangement  shown  is 
conceptually  simple,  with  the  electrical  signal 
to  noise  ratio  large  and  easy  to  record.  Never¬ 
theless,  the  signals  are  typically  pulses  whoso 
durations  and  period  are  tens  of  nanoseconds 
wide  signals,  and  details  of  the  digitizer 
capabilities  can  influence  the  recording. 

A  typical  curront-tlmc  truco  observed  for 
the  MOD  E  test  detonator  is  shown  in  Figure  6. 
Note  *.  jat  the  current  pulse  follows  the  stress- 
rate,  and  is,  therefore,  a  very  sensitive 
indicator  of  the  pulse.  Upon  integration,  the 
stress-timo  pulse  is  obtained,  as  shown  in 
Figure  6, 


Figure  6.  Typical  Current  Vs.  Time  Vi aw  form 
for  MOD  K  Test  Detonator,  Each  of  the  positive 
current  pulses  represent  a  wave  reverberation 
through  the  Pyer, 

An  important  tool  for  our  comparison 
experiments  was  the  VISAR*^  (Velocity 
Intoferometer  System  For  Any  Reflector). 
Both  free  surface  and  particle  velocity 
measurements  were  done  for  comparison 
information.  This  measurement  monitors  a 
laser  beam  that  is  typically  100  microns  in 
diameter,  reflected  at  a  local  surface  to  provide 
a  time-resolved  particle  velocity  profile. 
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Figure  6,  Typical  Charge/Area  V».  Time 
Waveform  for  MOD  E  Teat  Detonator. 


Mod  E  Test  Detonator 

The  Mod  E  test  detonators  are  single 
bridgewire  units  in  which  the  CP  explosive  is 
pressed  in  a  precisely  controlled  operation. 
They  are  positioned  1  mm  ( ±  .026  mm)  above 
the  gauge  active  area  using  a  Teflon  spacer. 
This  distance  corresponds  to  the  flight  distance 
at  which  the  flyer  velocity  Is  evaluated  With 
VISAR  measurements.  A  3.3  mm  diameter  by 
127  micron  thick  stainless-steel  closure  disk  is 
welded  on  the  end  of  the  detonator.  This 
closure  disk  is  the  flyer  propelled  by  the 
detonation.  Five  independent  measurements 
of  flyer  velocity  at  1  mm  show  a  mean  value  of 
2.62  km/sec,  with  a  variability  of  3  percent. 
Errors  in  the  flyer  travel  distance  of  26  microns 
will  produce  an  error  in  velocity  of  no  more 
than  2.6  percent. 

The  averaged  measured  charge/unit  area 
iVom  the  PVDF  gauges  for  these  four  detonator 
flyer  plate  responses  is  found  to  be  6.2  pC/cm^, 
with  a  variability  of  0.1.  The  mean  pressure 
computed  from  the  charge  measurements  in 
the  gas-gun  responses  is  18.8  QPa.  The  mea¬ 
sured  flyer  velocity  was  used  to  compute  a 
pressure,  assuming  the  gauge/Teflon  cover  to 
be  impedance-matched  to  the  Kel-F  backer. 
This  idealized,  one-dimensional  shock  pressure 
of  22.4  QPa  assumes  steady,  planar  conditions 
within  the  measuring  space.  Thus,  the  PVDF 
gauge  appears  to  indicate  a  pressure  about 


16  percent  lower  than  the  expected  value 
under  the  loading  conditions  of  this  detonator. 

Four  mm  System  Detonator 

The  4  mm  detonators  are  typical  of  those 
detonators  produced  in  large  scale  production. 
They  were  tested  in  the  flyer  mode  in  the  same 
manner  as  the  previous  detonators.  Even 
though  the  conflgurationof  the  energetic  mate¬ 
rial  is  the  same  in  this  device  as  In  the  MOD  B 
test  detonator,  they  were  initiated  asymmet¬ 
rically  by  one  of  two  bridge  wires  in  the  device. 
Because  of  this  single-wire  initiation,  the  flyer 
is  strongly  nonplanar  in  flight  and  at  impact. 
Measurements  of  the  planarity  by  T.  Warren^^ 
at  the  Pantex  Plant  of  Mason  &  Hanger  are 
summarized  in  Figure  7  and  show  the  loading 
edge  of  the  flyer  impacts  on  a  point  near  the 
outer  edge  of  the  PVDF  gauge.  The  following 
surface  of  the  flyer  completes  the  impact  about 
26  nsec  later.  The  planarity  data  of  Figure  7 
also  show  that  the  MOD  B  test  detonator  (label 
precision  in  Figure  7)  and  the  dual-bridgewire 
Ignited  4  mm  system  detonator  show  signifi¬ 
cantly  better  planarity. 


WIDTH,  mm 

Figure  7,  Flyer  Planarity  for  the  Mod  E  Teat 
Detonator,  the  Single  Bridge  and  Dual  Bridge 
Ignited  4  mm  Sy ate m  Detonator 

Seven  VISAR  flyer  velocity  measurements 
showed  a  mean  flyer  velocity  of  2.49  km/soc, 
with  a  variability  of  4  percent.  In  the  experi¬ 
ments  on  this  detonator,  transparent  PMMA 
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backerm  were  used  bo  that  "In-material” 
particle  velocity  measurementB  could  be 
carried  out  by  VISAR  Bimultaneoualy  with 
PVDF  gauge  meaBurementB.  The  VISAR 
particle  velocity  measurementB  ./ere  found  to 
have  a  much  larger  spread  (12  percent)  than 
the  variability  in  flyer  velocity,  and  were  found 
b  be  about  3  percent  lower  than  that  predicted 
from  the  idealized  flyer  impact  conditions. 

The  average  pressure  measured  by  the 
PVDF  gauge  (using  the  PVDF  gas-gun 
response  data  for  conversion  of  charge/unit 
area  to  pressure)  was  found  to  be  10.4  QPa, 
with  a  spread  in  value  of  about  10  percent. 
This  value  of  average  pressure  under  these 
high  nonplanar  conditions  is  about  36  percent 
lower  than  that  predicted  from  the  flyer- 
velocity  measurements  and  that  measured  in 
the  "in-material”  VISAR  particle  velocity 
measurements.  In  every  case,  however,  a  well 
characterized,  repeatable  current  pulse  was 
observed,  with  features  corresponding  to 
release  waves  in  the  flyer  after  impact. 

CONCLUSIONS 

In  the  present  work  the  response  of  small 
diameter  PVDF  piezoelectric  polymer  gauges 
has  boon  investigated  under  a  wide  range  of 
impact  conditions.  They  include  ideal,  pre¬ 
cisely  controlled  impact  conditions,  less  ideal 
but  approximately  planar,  small  diameter 
flyer  impact  conditions,  and  highly  nonplanar 
small  diameter  flyer  impacts.  The  present 
PVDF  gauge  response  data  provide  the  basis 
for  an  identification  of  problems  to  be 
encountered  in  a  variety  of  device  response 
environments. 

In  the  compressed-gas  gun  response  mea¬ 
surements,  it  has  been  established  that  the 
basic  response  properties  of  small  size  gauges 
prepared  by  the  Bauer  process  are  highly 
reproducible.  DifTerences  of  about  2  percent 
observed  under  precise  Impact  conditions  are 
thought  to  bo  accounted  for  by  ambiquities  in 
the  data  recording  and  analysis,  as  well  as  in 
materials  response.  These  experiments  show 
that  the  PVDF  gauge  will  prove  useful  over  a 
wide  range  of  pressure  and  will,  therefore, 
prove  useful  fr«*  a  wide  variety  of  measurement 
problems.  Although  these  projectile  impact 
data  are  obtained  under  precise  conditions,  it 


should  be  recognized  that  the  peak  pressures 
are  obtained  under  "ring-up”  conditions  in 
which  the  rise  time  to  peak  pressure  is 
typically  60  nsec.  Thus,  under  a  more  rapidly 
rising  pulse  in  which  the  peak  pressure  is 
obtained  in  a  single  shock,  there  may  be 
differences  in  response  due  to  a  higher  shock- 
induced  temperature  rise.  This  point  requires 
further  study. 

The  nearly  planar  detonator  flyer-plate 
rosponse  measurements  show  a  reduced  output 
compared  to  Idoalized,  one-dimensional  pres¬ 
sure  calculations.  Even  though  this  flyer  is 
substantially  more  nonplanar  than  in  the  gun- 
impact  studies,  the  15  percent  reduced  outputs 
seem  larger  than  can  be  accounted  for  by  the 
nonplanar  conditions.  It  remains  to  be  seen 
whether  direct  shock  measurements  to  similar 
pressure  values  can  account  for  the  observed 
differences. 

The  strongly  nonplanar,  detonator  flyer- 
plate  response  measuremento  show  a  very 
strong  effect  due  to  the  three-dimensional 
nature  of  the  loading,  amounting  to  about  a 
36  percent  reduction  in  signal.  Whether  this 
difference  is  due  to  a  real  difference  in  average 
pressure  over  the  volume  of  the  gauge  or  is  due 
to  an  inherent  reduced  output  in  three- 
dimensional  stress  fields  requires  further 
study.  When  one  considers  that  the  measure¬ 
ment  is  made  within  12  microns  of  the  impact 
surface,  it  is  remarkable  that  any  type  mea¬ 
surement  is  possible.  Indeed,  the  presence  of  the 
reduced  gauge  output  provides  a  direct  measure 
of  the  strongly  nonplanar  impact  conditions. 

Because  the  gauge  response  is  composed  of 
such  short  duration  current  pulses,  there  is  con¬ 
cern  for  the  adequacy  of  digitizer  responses.  The 
LeCroy  6880  digitizer  appears  to  have  ade¬ 
quate  vertical  resolution  with  its  8-bit  design, 
but  the  6-bit  resolution  of  the  Hewlett-Packard 
digitizer  may  not  be  fully  adequate  for  some  of 
the  narrower  current  pulses.  Preliminary 
measurements  in  the  gun-impact  configura¬ 
tion  suggest  that  gauge  output  of  charge/area 
may  be  reduced  with  the  Hewlett-Packard 
digitizer  as  much  as  7  percent.  Comparisons  of 
the  LeCroy  digitizer  measurements  with  inde¬ 
pendent  measurements  at  our  laboratories  and 
in  the  laboratory  of  Francois  Bauer  show  good 
agreement.  This  point  requires  further  study. 
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It  should  be  emphasized  that  the  PVDF 
gauge  provided  sensitive,  tlrno'-resolved  mea> 
Burements  in  all  cases  investigated.  The 
measurement  of  the  stress-rate  provides  a  far 
more  sensitive  measurement  of  such  stress 
pulses  than  available  in  any  other  shock- 
measurement  technique.  The  unobtrusive 
nature  of  the  gauge,  its  very  large  signal 
output,  its  wide  pressure  operating  range,  and 
its  capability  to  measure  stress-rate  make  it  a 
far  more  useful  gauge  than  previously 
developed  piezoelectric  gauges, 
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INDEXES  FOR  THE  PROCEEDINGS  OF  THE  SYMPOSIA 
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John  B.  Rameay,  and  Bruce  B.  Takala* 
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The  Proceedings  of  the  eight  Detonation  Symposia  have  become  the 
major  archival  source  of  information  on  international  research  in 
explosive  phenomenology,  theory,  experimental  techniques,  numerical 
modeling,  and  high-rate  reaction  chemistry.  In  many  cases,  they 
contain  the  original  reference  or  the  only  reference  to  major  progress  in 
this  field.  For  some  papers,  the  information  is  more  complete  than  the 
complementary  article  appearing  in  a  formal  Journal,  yet  for  others, 
authors  elected  to  publish  only  an  abstract  in  the  Proceedings.  For  the 
large  majority  of  papers,  the  Symposia  Proceedings  provide  the  only 
published  reference  to  a  body  of  work  However,  no  Indexes  exist  for 
any  of  the  Proceedings,  making  it  difficult  to  locate  a  reference  or  to 
perform  a  preliminary  literature  search.  This  report  indexes  the  eight 
existing  Proceedings  of  the  Detonation  Symposia  by  paper  titles,  topic 
phrases,  authors,  and  first  appearance  of  acronyms  and  code  names.  It 
is  a  dynamic  effort  that  we  expect  to  supersede  by  future  versions, 


INTRODUCTION 

The  index  of  the  eight  preceding 
Symposia  Proceedings  which  appears  following 
this  paper  was  prepared  as  a  useful  reference 
tool  for  both  new  and  experienced  researchers 
in  the  field  of  detonation  research. 

"Researching”  the  published  Proceedings 
of  the  eight  previous  Symposia  (international) 
on  Detonation  is  time  consuming  because  no 
indexes  exist,  either  collectively  or 
individually.  Including  the  Proceedings  of  the 
8th  Symposium,  a  collective  5B0  papers  have 
been  published.  Chemical  Abstracts  Services 
provides  abstracts  as  part  of  its  topic  coverage 
of  "Explosives  and  Pyrotechnics,”  but  when  a 
researcher  merely  remembers  that  a  paper  was 
presented  at  a  Detonation  Symposium,  that  is 
insufneiont  information  to  find  the  reference  in 
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Chemical  Abstracts.  In  the  past,  some  of  us 
have  spent  much  effort  locating  a  paper  about 
which  we  vaguely  remembered,  knowing  only 
that  it  had  appeared  in  a  past  Symposium.  Our 
perception  is  that  much  research  is  being 
redone  because  research  workers  are  unaware 
that  a  particular  question  has  already  been 
addressed.  Thus,  we  were  led  to  produce  a  set 
of  indexes. 

This  index  has  also  been  published  as  a 
Los  Alamos  National  Laboratory  report. l 

The  indexes  comprise  four  parts:  (A)  a 
listing  of  the  paper  titles  and  authors  in 
order  of  appearance  in  each  Symposium 
Proceedings,  (B)  an  alphabetical  listing  of  topic 
phrases,  (C)  an  index  of  all  authors,  and  (D)  an 
index  of  first  appearance  of  acronyms  and  pode 
names  of  compositions  and  components  that 
are  defined.  Bach  index  also  lists  the 
Symposium  number  and  page  number  of  the 
reference.  For  the  Proceedings  of  the  First  and 
Second  Symposia,  the  page  numbers  quoted 
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are  for  the  single  volume  reprinted  by  the 
Detonation  Symposium  Committee  in  1987 
(NSWC  MP  87-194),  not  the  original  page 
numbers. 

The  entries  were  initially  entered  on  a 
structured  database  program  (dBASB  III  +  *). 
The  compilation  was  edited  for  printing  in 
WordPerfect  6.0*.  Future  revisions  will  be 
entered  into  the  original  database  file. 

A.  TITLES  INDEX 

In  the  first  index,  the  chronological  order  of 
the  papers  has  been  preserved,  beginning  with 
the  first  symposium  and  the  first  paper 
presented.  We  list  the  Symposium  number, 
paper  number,  paper  title,  all  co-authors,  and  the 
nation  of  the  first  author. 

B.  TOPIC  PHRASE  INDEX 

Here  we  list  the  topic  phrases  alpha¬ 
betically  with  reference  to  the  symposium 
number  and  page  number.  We  considered  using 
key  words,  which  are  cryptic  and  more 
mnemonic,  rather  than  the  ionger  and  more 
descriptive  topic  phrases,  but  we  decided  on  the 
latter  because  they  provide  more  information  for 
selecting  the  correct  reference.  The  compilers 
have  used  their  own  judgment  in  selecting  and 
defining  the  topic  phrases  and  hope  that  the 
phrases  are  self-explanatory.  At  the  present 
time,  a  significant  cross-referencing  capability  is 
lucking  within  the  index,  and  users  are 
cautioned  to  check  several  difierent  topics  when 
searching. 

C.  AUTHOR  INDEX 

This  index  is  a  simple  listing  of  all  authors, 
giving  the  symposium  number  and  first-page 
number  references.  All  except  family  names 
were  contracted  to  initials.  We  have  attempted 
to  combine  diiTerent  presentations  of  an  author's 
name  (e.g.,  J.  Ramsay  and  J.  B.  Ramsay)  into  a 
uniform  entry.  Please  notify  the  compilers  of 
errors. 

D.  ACRONYM  AND  CODE  NAME 
INDEX 

This  index  is  an  attempt  to  cite  the  first  use 
of  this  acronym  or  code  name  for  neat  explosives, 
ingredients,  or  formulations,  in  which  a 
definition  of  the  term  is  also  provided.  The 
names  of  some  explosive  compositions  that  were 
"known  to  everyone”  in  1960  are  no  longer 
commonly  used,  particularly  within  the 


international  community.  For  example,  the 
names  MEDINA  and  DINA  were  used  in  at  least 
one  instance  with  no  recognized  chemical  name 
or  formula  given.  Rather  interestingly,  no 
definition  of  RDX  was  located  within  the 
Proceedings  until  the  Fifth  Symposium. 

Many  explosive  compounds  and  composi¬ 
tions  are  named  as  contractions  of  the  chemical 
names  (e.g.,  TNT);  for  others,  the  histories  of  the 
names  are  lost  in  research  laboratories  (e.g., 
HMX*);  and  others  have  no  relationship  to  the 
composition  (e.g.,  X-0280).  A  large  number  of 
papers  within  the  Symposia  Proceedings  refer  to 
compositions  only  by  acronym  or  code  name, 
with  no  formal  definition  of  the  composition. 
Composition  B  (Comp  B)  is  cited  ii:  many  papers, 
yet  at  least  10  citations  for  Comp  B  provide 
similar  but  different  compositions,  Also,  in  some 
instances,  the  same  explosive  compound  was 
defined  by  three  or  more  acronyms. 

We  intended  that  each  citation  be  the 
earliest  reference  within  the  eight  Proceedings 
foe  the  use  of  the  acronym,  coupled  with  a 
meaningful  chemical  definition.  Errors  in 
finding  and  entering  the  citations  may  have 
occurred.  If  readers  detect  errors,  please  contact 
one  of  the  compilers. 

FUTURE  REVISIONS 

The  compilers  intend  to  continue  the 
piocess  of  updating  the  indexes  of  the 
Proceedings  of  the  Symposia.  A  revision  of  the 
database  will  begin  as  soon  as  the  published 
version  of  the  Ninth  Symposium  Proceedings  is 
available.  Individuals  interested  in  obtaining 
copies  of  the  revised  indexes  should  contact  one 
ohhe  authors. 

REFERENCES 
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A.  TITLES  INDEX 

Symposium  Page 

SYM  PAPE _ TITLI,  AlffHORS,  NATION _ 

1  3  RECENT  STUDIES  IN  BURORD;  BRUNAUER.  S.;  USA 

1  9  RECENT  WORK  ON  DETONATION  AT  ABERDEEN:  DEWEY,  J.  M. ;  USA 

1  12  STUDIES  ON  DETONATION  PHENOMENA;  OIBSON,  P.  C.;  HASON,  C.  N. )  USA 

1  22  RECENT  WORK  AT  NOL;  PRICE,.  D.;  USA 

1  31  RECENT  STUDIES  AT  THE  NAVAL  ORDNANCE  TEST  STATION;  RINEHART,  J.  S.; 

USA 

1  39  SOME  RECENT  STUDIES  IN  CANADA;  WALKER,  0.  R.;  CANADA 

1  A3  CHEMICAL  ASPECTS  OF  DETONATION;  LEWIS,  B.  ;  USA 

1  45  NONSTATIONARY  DETONATION  WAVES  INCASES;  KISTIAKOWSKY,  G.  B. ;  USA 

1  52  DURATION  OF  THE  REACTION  IN  A  DETONATING  EXPLOSIVE;  JACOBS,  S.  J.; 

USA 

1  57  EXPERIMENTS  ON  THE  TRANSITION  FROM  DEFLAGRATION  TO  DETONATION; 

ROTH,  J.;  USA 

1  71  PHYSICAL  ASPECTS  OF  DETONATION;  KIRKWOOD,  J,  0.;  USA 

1  72  THE  EQUATION  OF  STATE  FOR  DETONATION  OASES;  BRINKLEY.  S.  R.;  USA 

1  79  CONVERGENT  SHOCK  WAVES;  KANTROWITZ,  A.;  USA 

1  68  SHOCK  WAVES  IN  SOLIDS;  ABLARD,  J.  E.;  USA 

1  93  INTERACTIONS  OF  DETONATION  WAVES  WITH  MATERIAL  BOUNDARIES; 

PARLIN,  R.  B.;  EYRING,  H.;  USA 

1  105  PROBLEMS  AND  FUTURE  DEVELOPMENTS:  KISTIAKOWSKY,  0.  B.;  USA 

1  107  THEORETICAL  DEVELOPMENTS  IN  DETONATION;  KIRKWOOD,  J.  0.;  USA 

2  119  CHARGE  PREPARATION  FOR  PRECISE  DETONATION  VELOCITY  STUDIES; 

JAMES,  E.;  USA 

2  136  TECHNIQUE  FOR  THE  MEASUREMENT  OF  DETONATION  VELOCITY;  CAMPBELL,  A.  W.; 

MALIN,  M.  E.;  BOYD,  T.  J.;  HULL,  J.  A.;  USA 

2  151  A  MICROWAVE  TECHNIQUE  FOR  MEASURING  DETONATION  VELOCITIES;  SCYD,  T.  J.; 

FAGAN,  P. :  USA 

2  157  MEASUREMENT  OF  DETONATION  TEMPERATURES;  GIBSON,  F.  C.;  BOWSER,  M. ; 

SUMMERS,  C.  R.;  SCOTT,  F.  H.  ;  COOPER,  J.  C.;  MASON,  C.  M.  ;  USA 
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2  168  A  NEW  CINE  MICROSCOPE  AND  ITS  APPLICATION  TO  DETONATION  PHENOMENA; 

COURTNEY-PRATT,  J.  S. ;  UK 

2  187  THE  MEASUREMEMT  OP  DENSITY  CHANGES  IN  GASEOUS  DETONATIONS; 

KISTIAKONSKY,  G.  B.;  KYDD,  P  H. ;  USA 

2  198  THE  ATTAINMENT  OF  THERMODYNAMIC  EQUILIBRIUM  IN  DETONATION  HAVES; 

KISTIAKOHSKY,  G.  B.;  ZINMAN,  H.  0.;  USA 

2  216  ON  THE  STRUCTURE  OF  A  DETONATION  HAVE;  GILKERSON,  H.  R.; 

DAVIDSON,  N.;  USA 

2  231  HIGH  TEMPERATURE  THERMODYNAMIC  AND  GASEOUS  DETONATIONS  IN  MIXTURES  OF 

CYANOGEN,  OXYGEN,  AND  NITROGEN;  PEEK,  H.  M. ;  THRAP,  R.  U. ;  USA 

2  251  DETONATION  IN  GASES  AT  LOH  PRESSURE;  BENNET,  A.  L.;  HEDAA,  H,  H. ;  USA 

2  266  MEASUREMENTS  ON  GASEOUS  DETONATION  HAVES;  NICHOLLS,  J.  A.;  MORRISON,  R.  B. 
CULLEN,  R.  E.;  USA 

2  281  STUDIES  ON  GASEOUS  DETONATION;  GREIFER,  B. ;  GIBSON,  F.  C.;  MASON,  C.  M,; 

USA 

2  295  CONDENSATION  SHOCKS  AND  HEAK  DETONATIONS;  REED,  S,  0.;  HEYBEY,  H.  H. ; 

USA 

2  312  THE  STRUCTURE  OF  A  STEADY-STATE  PLANE  DETONATION  HAVE  HITH  FINITE 

REACTION  RATE;  KIRKWOOD,  J.  G.;  HOOD,  H.  H. ;  USA 

2  327  THE  MEASUREMENT  OF  CHAPMAN- JOUGUET  PRESSURE  FOR  EXPLOSIVES;  DEAL,  W.  E.; 

USA 

2  >43  MEASUREMENT  OF  THE  CHAPMAN- JOUGUET  PRESSURE  AND  REACTION  ZONE  LENGTH 

IN  A  DETONATING  HIGH  EXPLOSIVE;  DUFF,  R.  E.;  HOUSTON,  E.;  USA 

2  358  THE  DETONATION  ZONE  IN  CONDENSED  EXPLOSIVES;  MALLORY,  H.  D. ;  JACOBS,  S.  J. 

USA 

2  383  CALCULATION  OF  THE  DETONATION  PROPERTIES  OF  SOLID  EXPLOSIVES  HITH  THE 

KISTIAKOHSKY-HILSON  EQUATION  OF  STATE;  FICKETT,  H. ;  COWAN,  R.  D.  ;  USA 

2  404  A  SOLID-STATE  MODEL  FOR  DETONATIONS;  PARLIN,  R.  B.;  GIDDINGS,  J.  C.; 

USA 

2  424  DIAMETER  EFFECT  IN  CONDENSED  EXPLOSIVES.  THE  RELATION  BETWEEN 

VELOCITY  AND  RADIUS  OF  CURVATURE  OF  THE  DETONATION  HAVE;  WOOD,  W  W.; 
KIRKWOOD,  J.  0.;  USA 

2  439  THE  DETONATION  BEHAVIOK  OF  LIQUID  TNT;  IGEL,  E.  A.;  SEELY,  L.  B. ;  USA 

2  454  DETONATION  IN  HOMOGENEOUS  EXPLOSIVES;  CAMPBELL.  A.  W. ;  MALIN,  M.  E.; 
HOLLAND.  T.  E.;  USA 
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2  478  PARTICLE  SIZE  EFFECTS  IN  ONE-  AND  TWO-COMPONENT  EXPLOSIVES;  MALIN.  M.  E.  I 

CAMP3ELL,  A.  W. ;  HAUTZ,  C.  H. ;  USA 

2  500  DETONATION  WAVE  FRONTS  IN  IDEAL  AND  NON-IDEAL  DETONATION;  COOK.  M.  A.;  USA 

2  519  DETERMINATION  OF  REACTION  RATE  OF  SODIUM  NITRATE  AND  THE  EQUATION  OF 
STATE  OF  50/50  TNT-NaNOa;  COOK.  H.  A.;  URSENBACH,  W.  0.;  USA 

2  529  THE  DECOMPOSITION  OF  ALPHA-LEAD  AZIDE;  GROOCOCK.  J,  M. ;  UK 

2  64T  THE  DETONATION  OF  AZIDES  BY  LIGHT;  COURTNEY-PRATT .  J.  S.;  ROGERS,  0.  T.;  UK 

2  561  DETONATION  IN  AZIDES  WHEN  THE  DIMENSIONS  ARE  COMPARABLE  WITH  THE 

LENGTH  OF  THE  REACTION  ZONE;  BOWDEN,  F.  P.;  MCLAREN,  A.  C.  ;  UK 

2  571  ORIGIN  OF  LUMINOSITY  IN  DETONATION  WAVES;  JONES,  E.;  UR 

2  582  THE  ROLE  OF  GAS  POCKETS  IN  THE  PROPAGATION  OF  LOW  VELOCITY 

detonation;  GURTON,  0.  A,  J.;  UK 

2  601  SENSITIVENESS  TO  DETONATION:  JONES.  E.;  CUMMINO,  I.  0.;  UK 

2  612  INITIATION  OF  MILITARY  EXPLOSIVES  BY  PROJECTILE  IMPACT;  DEWEY,  J.  M.; 

USA 

2  620  FACTORS  AFFECTING  THE  TRANSMISSION  OF  DETONATION  BETWEEN  SMALL 

EXPLOSIVE  CHARGES;  HAMPTON,  L.  D.;  SAVITT,  J.;  STARR,  L.  E. ; 

STRESAU,  n.  H.  F.:  USA 

2  643  THE  CORRELATION  OF  THE  SENSITIVENESS  OF  EXPLOSIVES  WITH  COMBUSTION 

DATA;  WHITBREAD,  £.  G, ,  WISEMAN.  L.  A.;  UK 
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2  635  PROBLEMS  OF  INITIATION  IN  TESTS  OF  SENSITIVENESS;  WHITBREAD,  E.  G.; 

UK 

2  711  LEAD  AZIDE  PRECIPITATED  WITH  POLYVINYL  ALCOHOL:  BLAKE,  T.  0.; 

SEEGAR,  D.  E.;  STRESAU.  R.  H.  F. ;  USA 

2  733  THERMO-HYDRODYNAMICS  AND  THE  REACTION  KINETICS  IN  SOME  METALIZED 

EXPLOSIVES;  COOK,  M.  A.;  FILLER,  A.  S. ;  KEYES,  R.  T.  ;  PARTRIDGE,  W.  S. ; 
URSENBACH,  W.  0.;  USA 

2  749  CONDITIONS  BEHIND  THE  REACTION  ZONE  OF  CONFINED  COLUMNS  OF 

EXPLOSIVE— NOTIONS  DERIVED  FROM  PLATE  DENT  EXPERIMENTS;  SLIE,  W.  M. ; 
STRESAU,  R.  H.  F. ;  USA 

3  1  A  COLLIDING  BALL  HIGH  EXPLOSIVE  IMPACT  Si:.NSITIVITY  TESTING  MACHINE; 

DEAN,  C.  M.;  CACHIA,  0.  P. ;  KIRKHAM.  J.;  UK 

3  10  A  PHOTOGRAPHIC  STUDY  OF  EXPLOSIONS  INITIATED  BY  IMPACT;  WENOGRAD,  J. ;  USA 

3  24  PURE  ENVIRONMENTAL  SHOCK  TESTING  OF  CONDENSED  PHASES;  ERIKSON,  T.  A.;  USA 
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3  42  ON  THE  MEMORY  EFFECT  IN  THE  THERMAL  INITIATION  OF  EXPLOSIVES;  HESS,  W.  R.  ; 

LING.  R.  C.;  USA 

3  SO  THE  THERMAL  DECOMPOSITION  OF  CCo(NH3)e]  (Ns)3;  JOYNER.  T.  B,  ; 

VRRHOEK,  F.  H. ;  USA 

3  60  THE  BEHAVIOR  OF  EXPLOSIVES  AT  VERY  HIOH  TEMPERATURES;  WENOGRAD,  J.; 

USA 

3  77  THE  RAPID  BURNING  OF  SECONDARY  EXPLOSIVES  BY  A  CONVECTIVE  MECKANISH; 

TAYLOR,  J.  W.;  UK 

3  as  ELECTRICAL  INITIATION  OF  RDX;  MULLER,  0.  M.;  MOORE,  D.  B. ;  BERNSTEIN,  D.; 
USA 

3  11  £  DETONATION  STUDIES  IN  ELECTRIC  AND  MAGNETIC  FIELDS;  ALLISON,  F.  E.; 

USA 

3  120  ELECTRICAL  MEASUREMENTS  IN  DETONATING  PENTOLITE  AND  COMPOSITION  B; 

JAMESON,  R.  L.;  USA 

3  139  ON  THE  ELECTRICAL  CONDUCTIVITY  OF  DETONATING  HIGH  EXPLOSIVES;  HAYES,  B. ; 

USA 

3  180  IONIZATION  IN  THE  SHOCK  INITIATION  OF  DETONATION;  CLAY,  R,  B.;  COOK,  M.  A.; 

KEYES,  R.  T.;  SHUPE,  0.  K.;  UDY.  L.  L.;  USA 

3  184  CHEMICAL  FACTORS  tN  EXTERNAL  DETONATION -GENERATED  PLASMAS;  COOK,  M.  A.; 

FUNK.  A.  0.1  USA 

3  202  DETONATION  PLASMA;  KEYES,  K.  T.l  KENDREW,  E.  L.;  WHITBREAD,  E.  0.;  UK 

3  205  ENERGY  TRANSFER  TO  A  RIGID  PISTON  UNDER  DETONATION  LOADING;  AZIZ,  A.  K. ; 
HURWITZ,  H.;  STERNeERO,  H.  M. ;  USA 

3  226  A  COMPUTER  PROGRAM  FOR  THE  ANALYSIS  OF  TRANSIENT  AXIALLY  SYMMETRIC 

EXPLOSION  AND  SHOCK  DYNAMICS  PROBLEMS;  ORLOH,  T. ;  PIACESI ,  D.  ; 

STERNBERG,  H.  M. ;  USA 

3  241  PRESSURE  PROFILES  IN  DETONATINQ  SOLID  EXPLOSIVE;  HAUVER,  C.  E.  ;  USA 

3  253  DECAY  OF  EXPLOSIVELY- INDUCED  SHOCK  WAVES  IN  SOLIDS  AND  SPALL I NOS  OF 

ALUMINUM;  ERKMAN,  J.  0.;  USA 

3  267  EFFECTS  OF  BOUNDARY  RAREFACTIONS  OH  IMPULSE  DELIVERED  BY  EXPLOSIVE 

CHARGE;  TAYLOR,  B.  C. ;  USA 

3  265  EXPERIMENTAL  DETERMINATION  OF  STRESSES  GENERATED  BY  AN  ELECTRIC 

DETONATOR;  RINEHART,  J.  S.;  USA 

3  304  COMMENTS  ON  HYPERVELOCITY  WAVE  PHENOMENA  iN  CONDENSED  EXPLOSIVES; 

CHAIKEN,  R.  P.;  USA 
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3  309  NONIDBAL  DETONATION  OP  AMHONIUH  NITRATE-FUEL  MIXTURES;  SADHIN,  L.  D.; 

STRESAU,  R.  H.  F.;  SAVITT,  J. ;  USA 

3  327  THE  DETONATION  VELOCITY  OF  PRESSED  TNT;  URIZAR,  H.  J.;  JAMES.  E. ; 

SMITH,  L.  C.;  USA 

3  357  MEASUREMENT  OF  DETONATION,  SHOCK.  AND  IMPACT  PRESSURES;  KEYES,  R.  T.; 
URSENBACH,  N.  0.;  USA 

3  386  LOW  PRESSURE  POINTS  ON  THE  ISENTROPES  OF  SEVERAL  HIGH  EXPLOSIVES; 

DEAL,  W.  E.;  USA 

3  396  STRONG  SHOCKS  IN  POROUS  MEDIA;  AUSTING,  J.  L.;  NAPADENSKY ,  H,  S.; 
STRESAU,  R.  H.  F. ;  SAVITT,  J.;  USA 

3  420  THE  BEHAVIOR  OF  EXPLOSIVES  AT  IMPULSIVELY  INDUCED  HIGH  RATES  OF 

STRAIN;  NAPADENSKY.  H.  S.;  STRESAU,  R.  H.  P. ;  SAVITT,  J.;  USA 

3  436  INITIATION  AND  GROWTH  OF  DETONATION  IN  LIQUID  EXPLOSIVES;  GIBSON,  P.  C.; 

SUMMERS,  C.  R.;  MASON,  C.  M. ;  VAN  DOLAH,  R.  W. ;  USA 

3  455  INITIATION  CHARACTERISTICS  OP  MILDLY  CONFINED,  BUBBLE-FREE 
NITROGLYCERINE;  WINNING,  C.  H, ;  USA 

3  469  SHOCK  INITIATION  OF  DETONATION  IN  LIQUID  EXPLOSIVES;  CAMPBELL.  A.  W.; 
DAVIS,  W.  C. ;  TRAVIS,  J.  R. ;  USA 

3  499  SHOCK  INITIATION  OP  SOLID  EXPLOSIVES;  CAMPBELL,  A.  W. ;  DAVIS,  W.  C, ; 

RAMSAY,  J.  B.;  TRAVIS,  J.  R.;  USA 

3  520  SHOCK  INDUCED  SYMPATHETIC  DETONATION  IN  SOLID  EXPLOSIVE  CHARGES; 

SULTANOFF.  M.;  BOYLE,  V,  M. :  PASZEK,  J. ;  USA 

3  534  GROWTH  OF  DETONATION  FROM  AN  INITIATING  SHOCK;  ENIG,  J.  W.;  USA 

3  562  INITIATION  OF  A  LOW-DENSITY  PETN  PRESSING  BY  A  PLANE  SHOCK  WAVE; 

SEAY.  G.  E.;  SEELY,  L.  B. ;  USA 

3  574  THE  TRANSITION  FROM  SHOCK  WAVE  TO  DETONATION  IN  60/40  RDX/TMT; 

KENDREW,  E.  L. ;  WHITBREAD,  E.  0.;  USA 

3  584  DETERMINATION  OP  THE  SHOCK  PRESSURE  REQUIRED  TO  INITIATE  DETONATION 

OP  AN  ACCEPTOR  IN  THE  SHOCK  SENSITIVITY  TEST;  JAFFE,  1.;  BEAUREGARD,  R.; 
AMSTER,  A.  B.;  USA 

3  606  A  COMPUTATIONAL  TREATMENT  OF  THE  TRANSITION  FROM  DEFLAGRATION  TO 

DETONATION  IN  SOLIDS;  ZOVKO,  C.  T.;  MACEK,  A.;  USA 

3  635  A  METHOD  OP  DETERMINATION  OF  DETONABILITY  OF  PROPELLANTS  AND 

EXPLOSIVES;  WACHTELL,  S.;  MCKNIGHT,  C.  E.;  USA 
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3  669  SENSITIVENESS  TESTING  AND  ITS  RELATION  TO  THE  PROPERTIES  OP 

EXPLOSIVES;  NHITBREAD,  E.  0.;  UK 

3  671  SENSITIVITY  RELATIONSHIPS;  KAMLBT,  M.  J. ;  USA 

3  693  A  STATISTICAL  CORRELATION  OP  IMPACT  SENSITIVITY  WITH  OXYOEN  BALANCE 
FOR  SECONDARY  EXPLOSIVES;  ALSTER,  J.;  USA 

3  706  THE  ELECTRIC-SPARK  INITIATION  OP  MIXTURES  OP  HIGH  EXPLOSIVES  AND 

POWDERED  ELECTRICAL  CONDUCTORS;  LIDDIARD,  T.  P.;  DRIMMER,  B.  E. ;  USA 

3  721  DETONATION  AND  SHOCK  REVIEW;  WILKINS.  M.  L. ;  USA 

3  726  DETONATION  PERFORMANCE  CALCULATIONS  USING  THE  XISTIAKOWSKY-WILSON 

EQUATION  OP  STATE;  NADER,  C.  L.;  USA 

3  738  ENERGY  RELEASE  PROM  CHEMICAL  SYSTEMS ;  KURY ,  J.  W. ;  DOROUGH,  G.  D. ; 

SHARPLES,  R.  E.;  USA 

3  761  THE  DETONATION  PROPERTIES  OP  (1.3-DIAMINO,  2. A, 6-TRINITROBENZENE ) ; 
COLEBURN,  N.  L.;  DRIMMER,  B.  E.;  LIDDIARD,  T.  P.;  USA 

3  784  NON-STEADY  DETONATION  -  A  REVIEW  OP  PAST  WORK;  JACOBS,  S.  J.;  USA 

3  813  THE  SHOCK  INITIATION  OF  DETONATION  IN  LIQUID  EXPLOSIVES;  GEY,  W.  A.; 

KINAGA,  K.;  USA 

3  822  SENSITIVITY  OP  PROPELLANTS;  BRANDON,  W.  W. ;  OCKERT,  K.  P.  i  USA 

3  833  SOME  STUDIES  ON  THE  SHOCK  INITIATION  OP  EXPLOSIVES;  CLARK,  E.  N. ; 

SCHWARTZ,  P.  R.;  USA 

3  842  THE  INFLUENCE  OF  ENERGY  ON  THE  DECOMPOSITION  OF  THE  TRANSITION  FROM 

INITIATION  TO  DETONATION:  HARVALIK,  Z.  V.;  USA 

4  3  METAL  ACCELERATION  BY  CHEMICAL  EXPLOSIVE;  KURY,  J.  W.  ;  HORNIG,  H.  C. ; 

LEE,  E.  L.;  MCDONNEL.  J.  L.;  ORNELLAS,  D.  L.;  FINGER,  M.  ;  STRANGE,  F. 
M. ;  WILKINS,  M.  L. ;  USA 

4  14  THE  MOTION  OP  PLATES  AND  CYLINDEKS  DRIVEN  BY  DETONATION  HAVES  AT 

TANGENTIAL  ANGLES;  HOSKIN,  N.  E.;  ALLAN,  J.  W.  S. ;  BAILEY.  W.  A.; 
LETHABY,  J.  W. ;  SKIDMORE,  I.  C. ;  UK 

4  27  THE  CHAPMAN- JOUGUET  ISENTROPE  AND  THE  UNDERWATER  SHOCKWAVE 

PERFORMANCE  OF  PENTOLITE;  WALKER.  W.  A. ;  STERNBERG,  H.  M.;  USA 

4  39  DETONATION  OF  A  CYLINDRICAL  CHARGE-STUDY  OP  THE  FLOW  OF  BURNED  GASES; 

FAUQUIONON,  C. ;  PROUTEAU,  M. ;  VERDES,  0.;  PRANCE 

4  47  THE  EQUATION  OP  STATE  OF  DETONATION  PRODUCTS  BEHIND  OVERDRIVEN 

DETONATION  WAVES  IN  COMPOSITION  B;  SKIDMORE,  I.  C.;  HART,  S.;  UK 
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A  52  AN  EQUATION  OP  STATE  OF  DETONATION  PRODUCTS  AT  PRESSURE  BELOW  30 
KILOBARS;  ALLAN,  J.  N.  S.l  LAMBOURN,  B.  D. ;  UK 

A  67  STRUCTURE,  CHEMISTRY.  AND  INSTABILITY  OF  DETONATION  IN  OASES; 

SCHOTT,  0.  L.;  USA 

A  78  THEORETICAL  CONSIDERATIONS  ON  THE  PROPAGATION  OF  SHOCK  AND  DETONATION 
WAVES;  CHERET,  R. ;  FRANCE 

A  8A  FAILURE  OF  THE  CHAPMAN-JOUOUET  THEORY  FOR  LIQUID  AND  SOLID  EXPLOSIVES 
(abstract  only);  DAVIS,  W.  C.;  CRAIO.  B.  0.;  RAMSAY.  J.  B.;  USA 

A  86  RADIUS  OF  CURVATURE  EFFECT  ON  DETONATION  VELOCITY;  GREEN,  L.  0.1 
JAMES ,  E . ;  USA 

A  92  LATERAL  SHOCK  PRESSURE  MEASUREMENTS  AT  AN  EXPLOSIVE  COLUMN;  SADWIN,  L.  D. 
JUNK,  N.  M.;  USA 

A  96  STUDIES  ON  THE  DIAMETER-DEPENDENCE  OF  DETONATION  VELOCITY  IN  SOLID 
COMPOSITE  PROPELLANTS.  I.  Attsmpts  to  Calculate  Raactibn-Zone 
Thickness;  PANDOW.  M.  L.;  OCKERT,  K.  F.;  SHUEY,  H.  M.;  USA 

A  102  STUDIES  OF  THE  DIAMETER-DEPENDENCE  OF  DETONATION  VELOCITY  IN  SOLID 

COMPOSITE  PROPELLANTS  II.  Prediction  of  Failure  Diameter;  PANDOW,  M.  L. ; 
OCKERT,  K.  F.:  PRATT,  T.  H. ;  USA 

A  107  NON- I DEAL  DETONATION  WITH  CONSTANT  LATERAL  EXPANSION;  WECKEN,  F.;  FRANCE 

A  117  DETONATIONS  IN  LIQUID  EXPLOSIVES-THE  LOW  VELOCITY  REGIME;  WATSON,  R.  W.; 
SUMMERS,  C.  R.;  GIBSON,  F.  C.;  VAN  DOLAH,  R.  W. ;  USA 

A  126  DETONATION  OF  NITROMETHANE-TETRANITROMETHANE  MIXTURES:  LOW  AND  HIGH 
VELOCITY  WAVES;  AMSTER,  A.  B.;  MCEACHERN,  D.  M.’,  PRESSMAN,  Z.;  USA 

A  135  OBSERVATION  AND  STUDY  OF  THE  CONDITIONS  FOR  THE  FORMATION  OF  MACH 
DETONATION  WAVES;  ARGOUS,  J.  P.;  PEYRE,  C. ;  THOUVENIN,  J.;  FRANCE 

A  1A2  MACH  INTERACTION  OF  TWO  PLANE  DETONATION  WAVES;  LAMBOURN,  B.  D.; 

WRIGHT,  P.  W.;  UK 

A  153  INTERACTION  OF  OBLIQUE  DETONATION  WAVES  WITH  IRON  (abstract  only); 
STERNBERG.  H.  M. ;  PIACESI,  D. ;  USA 

A  15A  INTERACTIONS  OF  DETONATION  WAVES  IN  CONDENSED  EXPLOSIVES 
(abstract  only);  GARDNER,  S.  D.;  WACKERLE,  J.;  USA 

A  156  AXIAL  INITIATION  OF  MULT I -COMPONENT  EXPLOSIVES  CHARGES;  DEFFET,  L.; 

FOSSE,  C.;  BELGIUM 

A  167  A  DETONATION  CALORIMETER  AND  THE  HEAT  OF  PRODUCTS  OF  DETONATION  OF 

PENTA-ERYTHRITOL  TETRANITRATE  (PETN)  (abstract  only);  ORNELLAS,  D.  L.; 
CARPENTER,  J.  H.;  GUNN,  S.  R.;  USA 


1651 


A.  TITLBS  INDEX  (Continued) 

SVM  PAOl  TITLIS,  *OTHORS.  KATIOM _ 


4  168  ANOMALOUS  ISENTROPE  RESUlTfi  OBTAINED  WITH  THE  RUBY  COMPUTER  PROORAM; 
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7  641  SIMULATION  OF  THE  REACTION  ZONE  OF  HETEROGENEOUS  EXPLOSIVES;  DAMAMME.  0. ; 
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7  769  ON  DECOMPOSITION  REACTION  KINETICS  IN  SHOCK  HAVE  PROMT;  DREMIN,  A.  N. ; 
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7  877  PRECURSORS  IN  DETONATIONS  IN  POROUS  EXPLOSIVES;  SPAULDING,  R,  L.;  USA 
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NONDETONATIVE,  VENTING  7  175 

SLURRIES  AND  EMULSIONS  8  985 

BURN  PRESSURE  IN  UNDERWATER  8  GAP  TESTS  4  494 

BURN  PROBABILITY  vs  IMPACT  VELOCITY,  AMMO  6  689 

BURN  RATE  ANOMALIES,  COMP  B.  TNT,  M30A1  7  898 

BURN  RATE  PARAMETERS  Vt  PRESSURE  EXPONENT  5  191 

BURN  RATE  VI  PRESSURE,  DPT  3  635 

BURN  RATES  AT  HIGHER  PRESSURES  3  78 

BURN  RATES  OF  SOLID  HE,  SENSITIVENESS  2  651 


BURNING  OF  SECONDARY  HE  BY  CONVECTION  3  77 

OURNING  TUBE  TEST  DATA,  RARDE,  EXPLOSIVENESS  7  1040 

OURNING,  SUPERFAST  REGRESSION  7  168 

BURSTING  PRESSURE  RATIO  Vt  VELOCITY  2  223 

BUTANE  DIOL  DINITRATS,  SENSITIVENESS  2  699 

BUTANE  ISOMERS,  FAILURE  OIAH  8  SENSITIVITY  5  89 

BUTYLENE,  BENSITIVINBSS,  Q,  n  2  648 

C-3,  MEAIURRD  DETONATION  VELOCITY,  0-60  kpit  5  73 

e-4,  DIAMETER  EFFECT,  REACTION  ZONE  THICKNISt  4  97 

C.e.B.  20  MODEL,  NONIDBAL  DETONATIONS  7  695 

CABLE  CALIBRATION  BUMMARY,  PINS,  DELAY  SYSTEM  2  441 
CABLE  DELAY  TIMING  FILM,  VELOCITY  DATA  FILM  2  445 

CABLE  DELAY  TIMING  IY8TEM,  PIN  RECORD!  2  441 

CALCULE  BALLISTIQUE,  SIMPLER  PREDICTION  7  953 

CALIBRATED  SHOCK  WAVE  TBIT,  FLYER  PLATE  8  361 

CALIBRATING  lENSITIVITY  TESTS,  LASER  8  473 

CALIBRATION  CURVES,  SHOCK  TUBE  3  30 

CALORIMETRY,  MIXING  TESTS,  HEt,  MOOEL  8  1019 

DETONATION,  AN/ADNT  7  807 

CAMERA  RECORD,  INVERSE  MULTtBTREAK  7  753 

LASER  INITIATION,  LEAD  AZIDE  7  738 

RBTONATION,  DIVERGENT  WAVES  4  42B 

STREAK,  CHINESE  7  749 

CARBON  NONOXIDE/Og,  NORMAL  DETONATION  WAVE  1  45 

CARBON  TETRACHLORIDE,  NM  DILUEiHT  6  133 

CARBON,  HUQONtOT  DATA,  GRAPHITE  ANU  DIAMOND  8  552 

CARD  OAP  TEST,  DELAYED  DETONATION  7  265 

LOW-PRESSURE,  LONG  DURATION  B  228 

SETUP  3  824 

SPHF  PLATE  SHOCK  PRESSURE  3  150 

CARNAHAN- STARLING  (C8>  EOS,  QUATUOR  CODE  8  764 

CARNAHAN- STARLING  <C8>  HARD-SPHERE  EOS  8  805 

CASE  EFFECT  ON  AIRBLAST  OF  PBTN/TNT  6  777 

CASE,  EXPANSION  MODEL  7  B34 

EXPANSION  MCDEL,  CYCLONE  CCOE  3  226 

PENETRATION  EFFECT,  MODELS  7  273 

CASED  CHARGES,  aIRBLAST  EFFECT  B  207 

FRAGMENT  IMPACT  RESPONSE  8  262 

CASTING  EMP  VELOCITY  GAUGES  IN  EXPLOSIVE  7  1072 

CASTING,  PRESSING,  AND  MACHINING  HE  CHARGES  2  119 


CAVITATED  LIQUID  IHE  MODEL, DOT  FROM  BURN  RATE  6  115 
CAVITATION  EFFECT  ON  SENSITIVITY  OF  LIQUID  HE  7  373 
CAVITATION  IN  SOLIDS  8  LIQUIDS,  FRACTURING  3  805 
CAVITATION  MODEL  OF  LOW-VELOCITY  DETONATION  5  81 
CAVITATION  THRESHOLD  AS  LIMITING  FACTOR  IN  HE  4  413 


CAVITY  COLLAPSE  IGNITION,  COMP  R  8  1080 

CAVITY  COLLAPSE  IN  ENERGETIC  MATERIALS  8  68 

CHAIN  INITIATION,  RADICALS  IN  UNREACTBD  GAS  2  229 

CHANNEL  EFFECT,  PRGC0MPRES8ED  EXPLOSIVE  8  1069 

CHANNEL  PLATE  DETONATIVE  CENTCRINQ  8  330 

CHARACTERISTICS  METHOD,  NIP  CODE  4  538 

CHARGE  DIAMETER  EFFECT,  DETONATION  VELOCITY  8  906 

CHARGE  DIAMETER,  DETONATION  WAVE  CURVE  7  592 

VELOCITY  DEPENDENCE  IP  LVD  5  86 

CHARGE  LENGTH  EFFECT, L/d  <  3,  L/d  ^  13.5,  TNT  2  504 

CHMRQE  PREPARATION,  DETCNATION  VELOCITY  TESTS  2  119 

CHARGE  RADIUS,  STEADY  VELOCITY  DEPENDENCE  6  642 

CHARGE  SIZE  EFFECT  ON  PLATE  DENT  DEPTH  2  752 

CHARGE -SEPARATION  HYPOTHESIS,  UAVE/QRUUND  2  142 

CHD-3,  ID  LAGRANGE  MOOEL,  CHINESE  8  94 

CHEMICAL  ASPECTS  OF  DETONATION  1  43 

CHEMICAL  COMPOSITION  EFFECT  ON  PERFORMANCE  6  710 

CHEMICAL  DECOMPOSITION  MOOEL,  CONFINED  HE  7  56 

LAGRANGE  GAUGES  7  498 
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CHEHICAl  CNBRQY  RELIASI  EOUATION,  ID  MODEL 

3 

614 

CJ  PROPERTIES,  HIQH-CAR80N  CHNO,  MODEL 

8 

521 

CHEMICAL  ENEROY,  UNLOADINO  RATE  EFFECT 

7 

8S7 

CJ  STATE  CALCULATIONS,  8KH  MODEL 

3 

726 

CHEMICAL  IONIZATION  MAII  EPECTRONETRY  (CIM8) 

8 

725 

CS  HARD-SPHERE  EOS 

8 

805 

CHEMICAL  KINETICS  IN  DETONATION 

4 

75 

CJ  STATE  DERIVATIVES,  JWL  EOS 

a 

778 

CHEMICAL  KINETICS,  C.E.B.  2D  MODEL 

7 

695 

CJ  STATE,  INITIAL  STATE  VARIATION 

8 

778 

CHEMICAL  REACTION,  MODEL,  SHOCK  WAVE  INIT 

6 

371 

PSX,  INERT  BINDER  2FFECTS,  WAVES 

7 

560 

RATE,  PSX  9404  vi  LX>17 

a 

953 

RDX,  TNTI  JCZ  BOS 

6 

162 

RESULT  OF  FRACTURE 

a 

243 

VARIATION  OF  MOLECULAR  PARAMETERS 

8 

774 

SHOCKED  HNS 

a 

15 

CJ  SURFACE  LOCATION  REACTION  RATE  INFLUENCES 

2 

494 

CHEMICAL  REACTION/TRANSVZRSS  WAVES,  DARK  WAVE 

6 

414 

CJ  TEMPERATURES,  FIVE  LIQUID  EXPLOSIVES 

7 

759 

CHEMIONIZATION,  SOURCE  OF  PLASMA  LUMINOSITY 

3 

187 

CJ  THEORY,  1ST  APPROXIMATION  OF  D  (VELOCITY) 

5 

41 

CHEO,  CHEMICAL  EQUILISRIIJM  MOOtL 

8 

502 

CYANOGEN,  Og,  Ng  MIXTURE 

2 

231 

CHICANERY,  RETAROED  DETONATION 

6 

225 

FAILURE  IN  LIQUID  6  SOLID  HE 

4 

84 

CHINESE  DETONATION  RESEARCH,  SURVEY 

7 

795 

CJ  VELOCITY,  FRONT,  TAYLOR  WAVE 

5 

4 

CINE'MICROSCOPE,  NEW,  DETONATION  PHENOMENA 

2 

168 

CJ  VOLUME  BURN  VI  TWO-PHASE  BURN, OAMMA  VI  JWL 

8 

948 

CINERADIOQRAPHY,  FLASH  X  RAY<100,000  fpe) 

7 

986 

CJ  WAVE,  STEADY  STATE,  CALCULATED  FLOW 

7 

504 

CISSOIDAL  DETONATION  WAVE,  VERTEX,  MACH  WAVE 

4 

135 

CLASSICAL  DETONATION  WAVE  MODEL 

8 

487 

CJ  ADIASAT,  KINETIC  ENERGY  OF  WATER,  SUULE8 

6 

561 

CLOSED-BOMB  TEST  RESULTS,  COMP  B 

8 

252 

P-Up  FOR  HSX‘1 

S 

523 

CLOSED-VESSEL  DEFLAGRATION,  HE  *  PROPELLANTS 

6 

195 

CJ  CONDITION,  AXIAL  FLOW,  SPHERICAL  FRONT 

8 

168 

COg  LASER,  IGNITION  OF  PROPELLANTS 

7 

217 

CALC.,  LOW-DENSITY  HE  SYSTEMS 

5 

56 

c(^  VI  cf2  as  detonation  products 

7 

949 

CYLINDRICAL  OR  SPHERICAL  FLOW 

4 

78 

C^,  TEST  AND  CALCULATED  HUQONIOT 

B 

551 

HYOROOYNAMICAL  STUDIES 

1 

107 

COAL-MINING  EXPLOSIVES,  CRITICAL  DETONATION  P 

4 

556 

INITIAL  CONDITIONS  FOR  FLOW 

6 

603 

LUMINOSITY 

2 

571 

POINT  OF  COMPLETE  REACTION 

1 

55 

COBALT  AMINE  AZIDES,  THERMAL  DECOMPOSITION 

3 

50 

CJ  DEFLAORATION,  SHOCK  ■  CJ  DETONATION 

3 

793 

COLLIDING-BALL.  HE  IMPACT  SENSITIVITY  TEST 

3 

1 

HAVE  MODEL,  DDT  STUDY 

6 

238 

COMBUSTION  DATA  CORRELATED  WITH  SENSITIVENESS 

2 

643 

CJ  DETONATION,  ACCELERATION,  NO  CONDUCTION 

7 

634 

COMBUSTION  ENERGIES,  OXIDES  AND  FLUORIDES 

7 

941 

PRESSURE,  ZND  AND  CJ  MODELS 

7 

531 

COMBUSTION  IN  A  CAVITY,  CALCULATION 

2 

687 

CJ  EQUATION  DERIVED,  PRECOMPRESSION  EFFECTS 

5 

69 

COMBUSTION  MODEL,  STRESS  WAVE  PROPAGATION 

7 

208 

CJ  EXPANSION  ADIASAT,  FROM  CYLINDER  TEST  DATA 

7 

646 

COMBUSTION  WAVE  TRANSFORMATION,  HIGH  ORDER 

1 

43 

CJ  OAMMA  DEFINED,  ADIASAT  FOR  ENERDY  RELEASE 

3 

739 

COMMERCIAL  BLASTING  AGENTS,  CHARACTERIZATION 

6 

729 

CJ  HYPOTHESIS,  0  ■  U  *  C 

1 

88 

COMP  A,  DIAMETER-EFFECT  PARAMETERS 

6 

647 

CJ  ISENTROPE  A  UNDERWATER  PENTOLITE  lESTS 

4 

27 

MODIFIED,  DETONATION  VELOCITY,  RATES 

2 

130 

CJ  ISENTROPE8  MEASURED  FOR  X2,  T2 

8 

753 

COMP  A-5,  EXPLODINO-FOIL  SHOCK  SENSITIVITY 

7 

928 

CJ  MODEL,  ASM  PROBE  PRESSURE  DATA 

6 

639 

SENSITIVITY  AND  EXPLOSIVENESS 

8 

265 

SHOCK  AMPLITUDE  EVOLUTION 

6 

383 

COMP  S  AND  COMP  S-4,  DEFLAORATION,  VENTING 

7 

175 

CJ  PARAMETERS,  (P,  T,  nu,  D  FROM  TIGER  MODEL) 

8 

965 

COMP  B,  AIR  HUQONIOT  AND  CJ  ISENTROPES 

8 

1076 

DATA  S  CALCULATED 

6 

713 

AL  1  LIF  EFFECTS  ON  ACCELERATION 

6 

510 

EOS  CONSTANTS,  LX- 14 

8 

618 

ANOMALOUS  BURN  RATE  CHARACTERISTICS 

7 

898 

POLYTROPIC  EOS,  20  MODEL 

7 

589 

BASE  GAP  EFFECT  ON  SENSITIVITY 

7 

914 

RELEASE  ISENTROPES,  CALCULATED 

7 

1072 

BKW  MODEL  t  PERFORMANCE  DATA 

3 

728 

CJ  PARTICLE  DENSITY  EFFECT  ON  CJ  PERFORMANCE 

3 

735 

CAMERA  RECORD,  IMPACT  TO  INITIATION 

3 

423 

CJ  PARTICLE  VELOCITY  BY  EMV  GAUGE 

5 

421 

CARD  GAP  (8PHF),P-X  CURVES,  IONIZING 

3 

152 

CJ  PLANE,  COINCIDING  WITH  COMBUSTION  WAVE 

1 

44 

CASED  AND  BARE,  JET  INITIATION 

8 

318 

CONDUCTION  ZONE  BEHIND 

3 

117 

CAVITY  COLLAPSE  IGNITION 

8 

1080 

EQUILIBRIUM,  STEADY  STATE 

2 

200 

CHEMICAL  DECOMPOSITION  MODELS 

7 

56 

CJ  POINT,  DENSITY  OF  SOLIDS  AFFECTS  PRESSURE 

1 

112 

CJ  POINT,  CJ  ISENTROPE,  ERROR  X 

7 

709 

TEMPERATURE,  PRESSURE 

1 

21 

CONDUCTING  ZONE,  ELECTRICAL  EFFECTS 

3 

120 

VELOCITY  MEASUREMENTS, HMX/TNT/ INERT 

4 

56 

CONDUCTIVITY  PROFILE,  PIN  SIGNALS 

3 

140 

CJ  PRESSURE  t  OAMMA  (CALC)  Vt  DURAL  DATA 

3 

394 

CONDUCTIVITY  PROFILES, C  PRECIPITATION 

4 

599 

CJ  PRESSURE  t  REACTION  ZONE  LENGTH  MEASURED 

2 

343 

CONFINED,  AFTER  FIRING,  DEFLAGRATION 

6 

204 

CJ  PRESSURE,  CALCULATED: TNT,  COMP  S,  OCTOL... 

5 

23 

CORNER  TURNING  MODEL, PHERMEX  PROFILES 

6 

410 

EFFECT,  AWRE  EOS  DETERMINATION 

7 

682 

CRYSTAL  STRUCTURE,  SENSITIVENESS 

3 

666 

ESTIMATED  FROM  JONES  EQUATION 

2 

380 

CYLINDER  TEST  RESULTS 

4 

5 

HIOH-DEHSITY  RDX,  TNT,  ROX/TNT 

2 

303 

DENSITY,  D,  CD,  EXPERIMENTAL  PRESSURE 

3 

377 

HIGHEST  IN  DETONATION  WAVE 

3 

382 

DENSITY, SHOCK  AND  PARTICLE  VELOCITIES 

4 

245 

MEASURED  IN  EXPLOSIVES 

2 

327 

DETONABILITY, PROPELLANTS  i  EXPLOSIVES 

3 

639 

NEW  AQUARIUM  TECHNIQUE  (CHINESE) 

7 

795 

DETONATION  PRESSURE  DATA 

7 

531 

CJ  PnOOUCTS  AS  HIGH-DENSITY  LATTICE  STRUCTURE 

2 

405 

DETONAT 1  ON  PRODUCTS, TEST , CALCULATIONS 

8 

501 

CJ  PROPERTIES,  AN  S  Al-LOADED  EXPLOSIVES 

a 

555 

DETONATION  PROPERTIES,  CARBON  EOS 

a 

528 

AN-  A  EDD-LOADEO  HE,  MODEL 

7 

555 

DETONAT ION -OR IVEN  PLATES  6  CYLINDERS 

4 

23 

AP,  RUBY  CODE 

4 

360 

DIAMETER-EFFECT  PARAMETERS 

6 

647 

CJ  PROPERTIES,  CHNO  t  CNO  EXPLOSIVES 

8 

554 

COMP  B,  DURAL,  Uf, 

7 
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COMP  I,  OYNAMIC  DEYECTION  OF  IPALLINO  6  477 

EMF  OENMAYED  BY  CONDUCTION  ZONE  3  116 

BNBEQY  THKEBHOLD,  p-t  PLOT  6  106 

EUTECTIC  WITH  TNT.ITRAIU'FREE  CASTING  2  119 
EXPLOOING'FOIL  SHOCK  lENIITlVITY  7  928 
EHPLOIIVELY  DRIVEN  METAL«  MODEL  8  610 

SLYER  PLATE  CRITICAL  SURFACE  AREA  7  316 
FNBI'IURFACE  MOTION  STUDIES  4  S77 

GAP  TEST  RESULTS,  VARIABLE  DONOR  7  279 
GAP  TEST,  LOU-PRESSURE  LONG  DURATION  8  228 
HEAT  Of  DETONATION  O,  D,  Pg]  3  744 

HIGH’VACUUM  DETONATION  5  561 

IGNITION  IT  AIR  GAP  COMPRESSION  7  3 

IMPACT  INITIATION,  .30-CAL  CYLINDERS  2  612 
INITIATION  BY  METAL  JET,  X-t  PLOTS  7  352 
SSENTPOPES,  KHT  Vt  JWL  8  556 

JET  TEMPERATURES,  1r  RADIOMETER  6  691 

LOW-ORDER  EXPLOSIONS  AFTER  IMPACT  6  328 
LOW-ORDER  WAVE,  RETONATION,  WAVE  EXIT  3  833 
LOW-PRESSURE  POINT  ON  tSENTROPE  3  389 

MACH  INTERACTION,  TWO  WAVES  4  142 

MEASURED  DETONATION  PRESSURE, AQUARIUM  5  65 

NONDETONATIVE  EXPLOSION  7  248 

ON  DURAL,  Ufa  2  334 

ON  SPHERICAL  Al  SHELLS,  VELOCITIES  6  521 
OVERDRIVEN  DETONATION  WAVES,  BOS  4  47 

OVERDRIVEN  SHOCKED  STATES  5  533 

PARTICLE  SI2ES,FINITE  I  INFINITE  DtAM  2  479 
PARTICLE  VELOCITIES  7  1072 

PHYSICAL  PARAMETERS  7  593 

PLEXIGLAS  MONITOR,  SHOCK  VELOCITY  5  23 

POP  PLOTS,  lURN  RArU  MODEL  7  481 

PRDSSURE  TIME  PROFILES,  MANOANIN  OA,  6  625 
PULSE  DURATION  SENSITIZING  EFFECT  5  191 

RADIATION  i'<  BLACKSODY  TEMPERATURES  7  879 
RELEASE  WAVK,  BOUNDARY  RAREFACTIONS  3  267 
S. STEEL,  INTERFACE  VELOCITY,  MODEL  4  545 

SENSITIVITY  VI  GAP  THICKNESS  7  920 

SHOCK-INOUCBO  ELECTRICAL  POLARIZATION  5  429 
SHOCKED,  THERMAL  FILM  RECORD  7  973 

SYMPATHETIC  DETONATION  3  790 

TRANSMISSION  OF  SHOCK  WAVES  IN  Al  1  90 

VELOCITY-DIAMETEN  CURVES  7  589 

W,  li,  Al,  Al-Mp,  (  St  (MOOED  7  796 

WAX-GAP  TEST  1  23 

X  RAYS  OF  DETONATION  8  322 

COMP  B-3,  DROP-WEIGHT  IMPACT  TEST  3  6 

IMPACT  RESPONSE,  MODEL  AND  TESTS  7  273 
ISENTROPEB  CALIBRATED  FROM  DATA  5  9 

LOW-VELOCITY  IMCACT  ICNITION  4  478 

MEASURED  PRESSURE:?,  FOUk  TESTS  i  14 
OBLIQUE  SHOCKS,  PERPENDICULAR  DRIVE  6  602 
PARTICLE  VELOCITIES,  MAGNETIC  PROBE  6  637 
PRESSUEc  DATA,  PHEMHSX,  U(,  5  13 

PULSE  DURATION  SENSITIZINU  EFFECT  5  191 

SHOCK  DESENSITIZATION  8  1057 

SHOCK  WAVE  DECAY  IN  Al  3  254 

THERMAL  INITIATION  AND  GROWTH  5  280 

COMP  B/AH,  DIAMETER  EFFECT,  D  VA  1/d  4  1BZ 

COMP  C,  DROP  WEIGHT  IMPACT  TEST  8  640 

COMP  C-4,  GAP  TEST  SENSITIVITY  3  830 

GROWTH  TO  DETONATION, INTERFEROMETRY  4  584 
SHOCK  WAVE  DECAY  IN  Al  3  254 

COMPACTION,  DISTANCE  VS  XTMD  B  938 
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COMPACTION,  EFFECTS  ON  FLAME  TRAVEL,  DOT  7  143 

HEAT  GENERATION  IN  HOT  SPOTS  8  926 

POROUS  BEDS  OF  INERTS  7  843 

COMPACTION,  WAVES,  PISTON-PROPELLANT  IMPACT  7  261 

COMPOSITE  HE,  Al  PE2CHLORATBS/HMX  5  137 

CALCULATED  IGNITION  DATA  7  462 

DETONATION  MODEL  7  517 

METAL  ACCELERATION  8  1018 

COMPOSITION  F.209,  SPHERICAL  DETONATION  WAVE  5  31 

COMPRESSED-GAB  GUN,  SHORT-PULSE  SHOCKS  7  857 


COMPRESSIBILITY,  WEAKER  SHOCKS  CAUSE  REACTION  2  629 
COMPRESSION  WAVES,  CHARACTERISTICS,  SHIELDING  8  1145 
PROPAQATING,  CAMERA  RECORD  3  42D 
COMPRESSION,  RAMP- INDUCED, SHOCKED  PROPELLANTS  8  962 


COMPRESSIVE  (HOT  SPOT)  BURNING  STAGE,  DDT  8  666 
COMPRESSIVE  HEATING,  CAVITY  COLLAPSE,  COMP  B  8  1080 
IGNITION  MODEL  7  3 

COMPRESSIVE  SHOCK  8  ACCELERATION  (RAMP)  WAVES  7  394 
CONDENSATION  SHOCK,  CENTERED  WAVE  EXPANSION  2  308 
CONDENSATION  SHOCKS  8  WEAK  DETONATIONS  2  295 

CONDENSATION  SHOCKS  IN  ID  UNSTEADY  FLOW  2  300 

CONDENSED  PHASE  WITH  CAVITIES,CALC  INITIATION  2  689 
CONDENSED-PHASE  DETONATION,  SUMMARY  OF  PAPERS  4  198 
CONDENSED-PHASE  REACTIONS,  NITRIC  OXIDE  8  715 

CONDUCTANCE,  NORMALIZED  APPROX,  HEM I  PROBE  4  596 
CONDUCTANCE-DISTANCE  CURVES,  SPHF  (CARD  GAP)  3  164 
CONDUCTION  TRACES,  COMP  S  AND  PENTOLITE  3  129 

CONDUCTION  ZONE  BEHIND  CJ  PLANE  3  117 

CONDUCTIVE  (LAMINAR)  TO  CONVECTIVE  BURN  7  164 

CONDUCTIVE  AND  CONVECTIVE  BURNING,  DDT  STUDY  8  665 
CONDUCTIVITY,  DETONATING  HE  3  139 

PROFILES  VI  C  CONTENT,  PRODUCTS  4  595 
PROFILES,  ELECTPOOES  IN  PROPANE  3  122 
PROBE  RECORDS,  SPHF  PLATES  3  150 
CONFINED  CHARGES,  2D  METAL  8  GAS  FLOW,  MODEL  3  226 
FUEL  FIRE,  MINITRIAL  7  1040 

STEEL  YOKE  SETUP  6  204 

CONFINED  DROP  HAMMER  TEST,  IHE  7  965 

CONFINED  HE,  CHEMICAL  DECOMPOSinON  HOOFL  7  56 

propagating  DETONATION  MODEL  7  1055 
CONFINED  HEATING,  TATB/HMX  MIXTURES  7  571 

CONFINED  TNT  CHARGES,  FINAL  VELOCITIES  3  337 

CONFINED-CHARGE  RESPONSE  TO  FRAGMENTS  7  1048 

CONFINEMENT  8  PRESSURE  EFFECTS,  DEFLAGRATION  6  204 
CONFINEMENT  EFFECTS,  CONTACT  SENSITIVITY  4  408 

EBW  INITIATION  4  449 

ENERGY  PREDICTION  8  176 


GAP  TEST,  DISCONTINUITY  3  805 
LOW-VELOCITY  DEIONATION  7  575 
PBX  9502;  Mg,  Al,  PHMA  8  376 
PROPELLANTS  DETONATING  3  823 
SMALL  PETN  8  TNT  CHARGES  2  768 


SUBSONIC  FLOW,  MODEL  6  360 

VELOCITY,  ANFO  3  316 

CONICAL  IMPLOSION  OENERATO'.I,  Cu  8  U  5  548 

CONSERVATION  EQUATIONS,  ID,  SPHERIC  SYMMETRY  6  590 
GASEOUS  DETONATION  2  266 

MASS, ENERGY,  MOMENTUM  1  88 

CONSTANT -CURRENT  GENERATOR  SCTUP,  TRIGGER  4  621 
CONSTANTAN  GAUGE  RECORDS, LOW-ORDER  DETONATION  6  330 
CONTINUITY  EQUATION, SPHERICAL  DETONATION  WAVE  1  93 

CONTINUOUS  RATE  PROSE,  LVD  IN  NITROMETHANE  7  577 

CONVECTIVE  BURN  (CB),  GAG  PENETRATIVE,  DDT  6  25C 

CONVECTIVE  BURN  MODEL,  REGRESSION  RATES  7  164 
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CONVtCriVB  BURN  MODEL,  S9LID  PROPELLANT  CRACKS  7  166 

CONVECTIVE  BURNINO,  PMPLOtIVE  PONDERS  3  77 

CONVEROENT  CYLINDRICAL  SHOCK  WAVES  1  79 

CONVERCiHD  (SONIC)  DETONATION  WAVES  7  638 

CONVEROINO  ID  SPHERICAL  DETONATION  7  602 

CONVEROINO  PLOW  DRIVER.  PLANAR  PLYER  PLATES  7  826 

COPPER,  PLANE  SPALLIHO,  ID  CALCULATION  5  567 

RADIANCE  RATIO  A  SLACKBOOT  RATIO  6  692 

CORDITE  SENSITIVENESS,  DAP  TEST  SCALE  2  702 

CORIOLIS  ACCELERATION,  PRICTIONAL  HEAT  8  247 

CORNER* TURN I  NO,  COMP  B,  INAOE  INTENBIPIER  6  666 

MODEL  8  52 

MODEL,  PBK  9404  I  LX>17  7  488 

TATS  7  624 

COURANT  CRITERION,  ARTIPiCIAL  VISCOSITY  6  337 

COWAN'PtCKETT  DATA,  EPPECTIVE  OAMMAS,  BETAS  3  721 

CP,  DOT  CALCULATION  OP  PLANE,  CORNER  TURNING  8  675 

DOT,  CHARACTERIZATION  7  865 

NEW  EXPLOSIVE  POR  LOU*VOLTAGE  DETONATORS  6  455 

CRACK  EFFECT  ON  OCTOL,  HOT  PLATE  6  HOT  WIRE  5  284 

CRITICAL  ACCELERATION  POR  SHOCK  GROWTH  6  47 

CRITICAL  ACCELERATION,  RADII  OP  CURVATURE  6  387 

CRITICAL  AIR  QAP,  LEAD  AZIDE/TETRYL  2  626 

TETRYL  ACCEPTOR  DENSITY  1  25 

CRITICAL  ANGLE  POR  MACH  ORIDQS,  SHOCKS,  FOAM  6  489 

CRITICAL  BARRIER  THICKNESS,  COMP  B  CHARGE  7  354 

CRITICAL  BOOSTER  DiAMBTER  6  MASS  4  435 

CRITICAL  CAPACITOR  VOLTAGE,  GINPINBD  CHARGES  6  207 

CRITICAL  CONDITIONS,  IMPACT  INITIATION  7  316 

SHOCK  INITIATION  6  66 

CRITICAL  DIAMETER,  ADDITIVE  DENSITY  EFFECT, NM  7  583 

AN/Al  MIXTURES  2  744 

AP,  SYMPATilETlC  DETONATION  6  174 

CONFINED  CHARGES  OF  NM  7  609 

NM'DILUENT  tlIXTUKL  6  135 

THRESHOLi/  FOR  PROPAGATION  5  207 

WAVE  ^RyNT  SHAPE  7  792 

CRITICAL  ENERGY  FLUCNCE,  CRITERION,  PRESSURES  7  887 

MOLECULAR  DYNAMICS  7  778 

CRITICAI  ENERQY,  CONCEPT,  SHOCK  INITIATION  6  11 

DERIVED  FROM  GAP  TEST  DATA  8  M36 

IMPACT  ON  TETRYL,  POMP  S  6  327 

INITIATirX  BEHAVIOR  7  459 

TNT  DETONATION  6  4 

CRITICAL  IMPACT  CRITERIA,  SHOCK  INITIATION  7  857 

CRITICAL  IMPACT  VELOCITY,  FRACTURE  STRESS  1  35 

SHOTGUN  FACILITY  7  ,149 

v«  .LENGTH  4  474 

CRITICAL  JET  INITIATION  ENERGY  0  1091 

CRITICAL  PARTICLE  VELOCITY,  INIT  THRESHOLD’'  5  227 

CRITICAI.  SHOCK  DURATION,  REACTION  KINETICS  6  105 

CRITICAL  SHOCK  INITIATION  ENERGY  MODEL  7  459 

CRITICAL  BHOCr  INTENSITY,  SHOCKED  LIQUID  HE  3  820 

CRITICAL  iSCCk  PRESSURE  EQUATIONS  8  1123 

critical  SHOCK,  NM,  MMAN,  TNT,  AN,  f)NT,  DNB  7  382 

CRITICAL  SURFACE  AREA,  SOT  PARAMETPR  7  116 

CRITICAL  TEMPERATURE  SCALING,  CONFINED  HE,i)DT  6  218 

CRITICAL  TEMPERATURE  TESTS,  t  TO  EXPLOSION  8  1114 

CRITICAL  THICKNESS  OF  DETONATIOIj  PROPAUATION  8  9”4 

CRITICAL  THICKNESSES  FOR  SHEET  INCLUSIONS,  NH  4  .191 

CRITICAL  TRANSFER  CHARGE  D'ANETER  8  334 

CRYSTAL  BREAKUP  IN  REACTION  OF  SOLIDS  3  794 

CRYSTAL  GROWTH,  PETH,  ELASTIC  MODULI  6  396 

CRYSTAL  MELTING  EFFECT  ON  BURNING  HMX  5  311 


CRYSTAL  SIZE  EFFECTS,  THERMAL  INIT  OP  AZIDES  2  563 

CRYSTAL  STRUCTURE,  HMX  POLYMORPH  SENSITIVITY  3  665 

CRYSTAL  THICKNESS  VS  VELOCITY,  LEAD  AZIDE  5  301 

CRYSTALLOGRAPHIC  DATA,  NO  8  841 

CS  EOS,  DETONATION  TEMPERATURE  VS  DENSITY  8  80S 

CTPI  AND  HTPB  IINDERB,  DI^Mf^lR  EPPBCTI  7  561 

CTX-1,  lENSiTIVITY  AND  EXPLOSIVENESS  8  265 

CU-CTE  JUNCTIONI,  SHOCK  WAVE  BPPGCT  5  404 

CuO‘Nb,  DEFLAGRATION  VELOCITY,  ELECTRIC  PROBE  4  616 

CURABLE  PLASTIC'RONDED  HE,  CX<a4A  8  361 

CURVATURE  EFFECTS,  DETONATION  FRONT,  HMX  4  86 

SHOCK  WAVE  EVOLUTION  6  379 

STABLE  DETONATION  WAVES  1  93 

CURVATURE  OF  AXIS  EFFECT,  DETONATION  VELOCITY  1  53 

CURVE  FITS,  FIVE  METHODS,  SHOCK  VELOCITY  5  62 

CURVED-FRONT  THEORY,  NONPLANAR  SHOCK  WAVE  8  168 

REACTION  RATE,  TNT/NiNO  2  519 

WAVE  SHAPE  VS  RATE  2  501 

CUSTOMIZED  EXPLOSIVES,  TATB-  8  HMX-BASED  7  566 

CX-84A,  CURABLE  PLASTIC-IONDED  EXPLOSIVE  8  361 
CYANOGBN-02  MIXTURES, HIGH-TEMP  THERMODYNAMICS  2  231 

CYCLONE  MODEL,  TRANIIENT  2D  FLOW  3  227 

CYCLOTOL  75/25,  FREB-SURFACE  VELOCITY  2  335 

CVCLOTOL,  BKW  MODEL  R  PERFORMANCE  DATA  3  728 

CYLINDER  TEST  RESULTS  4  5 

DIAMETER-EFFECT  PARAMETERS  6  647 

LOW-PRESSURE  POINT  ON  ISEHTROPE  3  389 
MEASURED  DETONATION  PRRSIUKE  5  65 

UNDERWATER  SHOCK-TO-BURN  TESTS  4  489 
WEDGE  TEST  WITH  SMEAR  CAMERA  RECORD  3  504 
WEDGE  TEST  WITH  SMEAR  CAMERA  RESULT  3  504 
CYLINDER  ENERGY,  SIMPLER  PREDICTION  7  955 

CYLINDER  TEST,  ALUNINIZHD  HE  EFFECTC,  SETUP  7  949 

BURNED  GASES  I8BHTROPB  4  FLOW  4  39 

CP  IN  Cu  7  869 

EA  EUTECTIC  AND  OTHERS  7  555 

EA  SYSTEMS  8  1004 

EUTECTICS  OF  AMMONIUM  NITRATE  7  801 
IDEAL  EXPLOSIVE  PREDICTIONS  6  446 
LX-14,  VELOCITIES  8  616 

METAL  ACCELERATION  4  5 

NF2  performance  7  940 

OFF-CENTER  INITIATION  7  755 

RDX/TNT  MIXTURES  6  516 

TEMPERATURE,  PARTICLE  SIZE  8  1018 
TWO-PART,  AWRE  EOS  METHOD  7  678 

CYLINDRICAL  CONVEROINO  DETONATION,  D  Vt  1/r  7  60Z 

CYLINDRICAL  DIVERGING  DETONATIONS,  MODEL  7  669 

CYLINDRICAL  SHOCK  TUBE,  CONVERGING  WAVES  1  81 

CYLINDRICAL  TUBE  CELL  FOR  GAS  FLOW  MODEL  8  915 

CYLINDRICALLY  SYMMETRIC  NOT  BOUNDARY  IN  WAVE  4  85 

DACMAR  MODEL,  CORRELATION  WITH  SHOCK  DATA  8  108 

REFLECTED  SHOCK,  RAREFACTION  7  385 

DARK  WAVES,  DETONATION  FRONT  7  958 

HOMOGENEOUS  HE  DETONATION,  PHOTOS  6  414 
LIQUID  HE,  FAILURE  EFFECTS  5  169 

DARK  ZONE  IN  SHOCK  INITIATION  3  786 

DARK-WAVE  FAILURE  OF  1,2-DP,  REINITIATION  5  97 

DARK-WAVE  MOOE  OF  FAILURE  8  REINITIATION  5  89 

DATB,  DETONATION  PROPERTIES  3  761 

DETOHAMON  PROPERTIES,  CARBON  EOS  8  528 

RADICALS  IN  DECOMPOSITION  PRODUCTS  8  742 

THERMAL  INITIATION  AND  GROWTH  5  280 

DAUTRICHE  EFFECT.  DETONATION  WAVES  COLLIDING  7  757 


1684 


MJECT 


B.  Topic  Phrase  Index  (continuKi) 


MJECT  lYN  PACE 

SUBJECT  SYH  PAGE 

DAUTRICHB  METHOO,  D  FOR  CONFINED  TNT 

3 

3S4 

DECOMPOSITION  REACTION  KINETICS 

7 

789 

D,  UNREPROOUCIBLE  RESULTS 

1 

9 

DECOMPOSITION  REACTION  KINETICS,  LEAD  AZIDE 

2 

529 

TEST  SETUP 

2 

S86 

DEFLAGRATING  EXPLOSIVES  OR  PROPELLANTS 

3 

799 

DBA-1,  -2,  -3,  DENSITIES,  D,  CD,  P 

3 

381 

DEFLAORATION  8  DETONATION  VELOCITIES,  PROBE 

4 

616 

DDNP,  BURN  RATE,  SENSITIVENESS 

2 

6S1 

DEFLAORATION  MODEL,  FRAGMENT  IMPACT 

7 

175 

DEFLAORATION  BEFORE  DDT 

1 

59 

DEFLAORATION  RATE,  HE  *  PROPELLANTS,  >  1  kbir 

6 

195 

DROP-WEIOHT  INITIATION  TEST 

3 

12 

DEFLAGRATION  WAVES,  UNSTABLE,  HETEROGENEOUS 

6 

281 

DDT  EXPERIMENTS,  TEST  FOR  EXISTING  THEORIES 

1 

57 

DEFLAGRATION,  ACCIDENT  SIMULATIONS 

8 

211 

DDT  IN  CP  STUDY 

6 

455 

BEFORE  DETONATION,  PHOTOS 

1 

57 

DDT  IN  NITROGLYCERIN,  BUBBLE  EFFECT 

3 

455 

CO-O2  EXPLOSION,  X-t  PLOT 

2 

268 

DDT  IN  PETN  t  RbX,  FREE-RUN  LASER  INITIATION 

6 

612 

DEUTERIUM,  LASER  DRIVEN 

5 

361 

DDT  IN  PROPELLANTS  1  EXPLOSIVES,  QUANTITATIVE 

3 

635 

FROM  EBW-INITIATED  CAPACITOR 

6 

205 

DDT  IN  PROPELLANTS,  RISK  TEST  1 NO 

6 

299 

INDUCED  AT  AMBIENT 

8 

216 

DOT  IN  RDX  AND  BALL  POWDER,  POROUS  BEDS 

8 

972 

PRINCIPAL  MEANS  OF  PROPAGATION 

3 

433 

DDT  IN  SOLIDS,  CHEMICAL  KINETICS, CALCULATIONS 

3 

606 

SCHLIEREN  PHOTO,  C0/Os/H2/H20 

2 

286 

DDT  MODEL,  COMPACTED  POROUS  HE 

7 

198 

DEFLAORATION-TO-BHOCK  TRANSITION  (DBT) 

7 

225 

GRANULAR  EXPLOSIVES 

a 

669 

DEFORMATION  AS  THERMAL  ENERGY  SOURCE 

8 

926 

PROPAGATING  FLAME, CASED  PROPELLANT 

7 

143 

DEFORMATION  HEATING,  HIGH  ASPECT  RATIO  DIMPLE 

8  1080 

PROPELLANT, CAST-GRANULAR  INTERFACE 

8 

962 

DEFORMATION,  ROLE  IN  HOT-SPOT  FORMATION 

7 

976 

DDT  STAGES  FOR  POROUS  CHARGES 

8 

658 

VELOCITY  DISTRIBUTION  PROFILES 

7 

347 

DDT  STUDY,  AP  +  PYRIDINE  IN  STEEL  TUBE 

7 

151 

DEGON,  RADIANCE 

7 

762 

CP  CHARACTERIZATION 

7 

865 

SENSITIVENESS,  m  X  0 

2 

700 

DOUBLE-BASED  PROPELLANT 

8 

658 

DEKAZENE  IN  HYDRAZINE,  GAP  TEST  SENSITIVITY 

3 

830 

DREMIN'S  DECOMPOSITION  MECHANISMS 

6 

29 

DELAYED  AND  LOW  DETONATION,  MODEL  AND  TESTS 

8 

135 

HIQH-HMX  SOLID  PROPELLANTS 

7 

256 

DELAYED  DETONATION,  CARD  GAP  TESTS 

7 

265 

POROUS  HE  IN  PLASTIC  TUBES 

7 

119 

LOW-VELOCITY  IMPACT 

7 

256 

RDX,  ••RETONATION"  WAVE 

5 

231 

DELAYED-DETONATION  TRANSITION  (XDT> 

7 

258 

SMALL  DIAMETERS  IN  RDX,  HMX  1  HNS 

7 

107 

DENSE  FLUID  EOS 

8 

785 

STEEL-CONFINED  ROX/WAX 

7 

139 

DENSE  MOLECULAR  FLUIDS  THFORY  Vt  MOOEL 

8 

531 

TETRYL,  FINE  1  COARSE,  <eSX  TMO 

6 

426 

DENSITY  CHANGES  IN  GASEOUS  DETONATIONS 

2 

187 

DDT  TEST  DATA  vi  KRIER/VAN  TAS8ELL  GUN  MODEL 

8 

258 

DENSITY  DISCONTINUITY,  HHX/ZnClg  STUDY 

5 

187 

DDT  TUBE  SETUP,  PROPELLANT  STUDY 

8 

659 

HUT -SPOT  FORMATION 

5 

177 

DDT  TUBE  TESTS,  BALL  POWDER,  MODEL 

8 

938 

SHOCK  INTERACTION 

4 

394 

DDT,  CONDUCTION  PULSE  PEAK  TO  INITIATION 

3 

156 

SHOCK  INTERACTION,  NH 

4 

386 

CP,  SUMMARY  OF  PROPERTIES 

7 

865 

OENSIVY  EFFECT,  DDT 

7 

113 

DIRECT  OBSERVATION  IN  GLASS  TUBES 

7 

873 

DDT 

r 

166 

DYNAMIC  COMPACTION  OF  INERTS 

7 

643 

DETONATION  FRONT 

7 

768 

DYNAMIC  COMPACTION,  INTRAQRANULAR  STRESS 

8 

645 

GAP  TEST 

7 

336 

EARLY  WORK 

3 

788 

HNS-SF  SENSITIVITY 

7 

1026 

GAS  EVOLUTION  1  GAS  ESCAPE  VI  PRESSURE 

1 

110 

INITIAL,  SCALED  RADIUS 

6 

564 

GAS -PHASE  REACTIONS 

7 

216 

RUN  TIME  AND  PRESSURE 

3 

514 

IGNITER  AND  COMPACTION  EFFECTS 

7 

143 

STRETCHED/UNSTRETCHED  HE 

4 

500 

LAMINAR  TO  CONVECTIVE  BURNING 

7 

164 

UNDERWATER 

6 

561 

POROUS  BEDS  OF  PROPELLANT,  MODEL 

8 

934 

DENSITY  FLUCTUATION  CONSTRUCTION  SCHEME 

8 

680 

POROUS  EXPLOSIVE,  CONSUMABLE 

8 

914 

DENSITY  SURFACE  CONTOURS,  TATS  MWEL 

8 

50 

POROUS  HE,  HIGH  STRAIN  RATE  DEFORMATIuN 

8 

881 

DENSITY,  STRONGEST  PRESSURE  INFLUENCE 

4 

179 

SCHLIEREN  PHOTOS  t  PLOTS,  C0/02/H2/«te. 

2 

284 

DENT  8  DETONATION  VELOCITY  TESTS, 3/8- In.  DIAM 

6 

441 

TWO  ISOMERIC  CAST  PRIMARY  EXPLOSIVES 

6 

231 

DENT  TEST  RESULTS,  AZIDE/PF.1N  DETONATORS 

2 

723 

WALL  TRACE  RECORDS  FOR  NH-ACETONE 

5 

105 

DEPTH  OF  INITIATION  VS  BRASS  U|, 

3 

567 

DE  LAVAL  NOZZLE,  FLOW  CONDITIONS 

2 

754 

DESENSITIZATION  BY  PRESHOCKINO  HE 

8 

47 

DEAD  PRESSING 

3 

785 

DESENSITIZATION  BY  SHOCKING 

3 

805 

DEAD  PRESSING,  NO  BURN  TO  DETONATION 

2 

629 

OETASHEET  C,  PHYSICAL  PROPERTIES 

8 

363 

DEAL'S  AIR-MATCH  POINTS 

4 

63 

DETONABILITY  OF  PROPELLANTS  8  EXPLOSIVES 

3 

635 

DEBONDINQ  1  CRYSTAL  FRACTURE  VI  EXPLOSIVENESS 

7 

2U 

DETONABILITY  TEST  SETUP,  PRESHOCKED  HE 

8 

1058 

DEBRIX  IDAS,  SENSITIVITY  AND  EXPLOSIVENESS 

a 

265 

DETONATING  DIATOMIC  LATTICES  (MD> 

8 

864 

DEBRIX  2,  EMP  VELOCITY  GAUGES 

8 

447 

DETONATION  BEHAVIOR  OF  LIQUID  TNT 

2 

439 

DEBYE  CONTINUUM  THEORY,  SHOCK  COMPRESSION 

7 

523 

DETONATION  CALORIMETER,  PETN  DETONATION  HFAT 

4 

167 

DECAY  OF  SHOCK  WAVES,  SOLIDS  (  Al  SPALLINGS 

3 

253 

DETONATION  CALORIMETRY,  FLUORINE  OXIDIZER 

7 

942 

DECAY  ZONES  NEAR  FRONT  OF  DETONATION  WAVE 

5 

18 

DETONATIOTl  CHEMISTRY,  FLUORINE  OXIDIZERS 

7 

940 

DECOMPOSITION  ENERGY,  HEAT,  RADIATION 

3 

843 

DETONATION  CRITERION,  P'^T  ■  const 

6 

76 

DECOMPOSITION  FRONT  REACTION 

7 

789 

DETONATION  FAILURE  8  SHOCK  INITIATION  MOOEL 

5 

177 

DECOMPOSITION  KINETICS,  EMISSION  SPECTRA 

6 

710 

DETONATION  FAILURE,  NM,  2D  SIMULATION 

7 

608 

DECOMPOSITION  PRODUCTS,  EMISSION  SPECTRA 

8 

712 

VELOCI1Y  DIAMETER  THEORY 

7 

509 

DECOMPOSITION  RATE  vi  PRESSURE  (FOREST  FIRE) 

6 

409 

DETONATION  FRONT  PHOTOS:  NM,  NM/ACETONE 

7 

958 
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DETONATION  FRONT  STRUCTURE,  OACEOUS,  REACTION 

2 

216 

DETONATORS,  M29  8  M47,  DEVELOPMENT 

2 

712 

DETONATION  FRONT,  SHAPED  CHARGE,  RECORD 

r 

751 

OETOVA  MODEL,  DDT,  DYNAMIC  COMPACTION 

7 

850 

DETONATION  HEAD  MODEL,  WAVE  SHAPES 

2 

SOI 

DEUTERIUM  SHOCKED  BY  PULSING  Nd  LASER 

5 

361 

DETONATION  HEAD  SHAPES,  SPHERICAL  IGNITION 

6 

525 

DFB,  FAILURE  DIAM,  TIMES 

5 

89 

DETONATION  HEAD  THEORY,  REACTION  RATE,  TNT/SN 

2 

519 

LIQUID  HE,  CHARACTERIZATION 

6 

467 

DETONATION  IF  BURN  SURFACE  V  >  SOUND  SPEED 

2 

695 

DFF,  LIQUID  HE,  CHARACTERIZATION 

6 

467 

DETONATION  IN  GASES  AT  LOW  PRESSURE 

2 

251 

DFNT,  LIQUID  HE,  CHARACTERIZATION 

6 

467 

DETONATION  IN  HIGH  VACUUM 

S 

559 

DIAMETER  EFFECT,  CJ  PARAMETERS,  KHT  EOS 

8 

996 

DETONATION  IN  HOMOGENEOUS  EXPLOSIVES 

2 

454 

CONDENSED  EXPLOSIVES 

2 

424 

DETONATION  IIGHT,  BUBBLES  IN  NN, CAMERA  RECORD 

481 

DETONATION  VELOCITIES 

2 

202 

DETONATION  LIMITS  IN  CONDENSED  EXPLOSIVES 

4 

179 

DETONATION  VELOCITY 

3 

791 

DETONATION  PARAMETERS,  AMATEX  20  t  COMP  B 

7  1082 

DETONATION  VELOCITY,  ZND 

1 

105 

NM/DILUENT 

8 

136 

DIVERGING  DETONATION  WAVES 

8  1046 

ONE  EMBEDDED  FOIL 

8 

440 

EYRINO  THEORY,  LIMITS 

4 

180 

DETONATION  PERFORMANCE  CALCULATIONS,  KW  EOS 

3 

725 

HI -DENSITY  HETEROGENEOUS  HE 

6 

642 

DETONATION  PRESSURE,  FUNCTION  OF  LENGTH 

S 

59 

LIQUID  TNT,  DURAL  t  PYREX 

2 

449 

NM  DRIVING  DUHAL, "DECAY" 

S 

18 

NM,  JONES  8  EYRING  THEORIES 

2 

454 

PBX  9404,  COMP  B,  NM, 

7 

531 

NONiDEAL  DETONATIONS  MODEL 

r 

699 

SIMPLER  PREDICTION 

7 

953 

ON  DDT 

7 

110 

X  RAY  OF  WAVE  Vt  TIME 

S 

13 

ON  WAVE  SHAPE,  IDEAL  HE 

2 

505 

DETONATION  PROCESS  IN  PLANE,  CJ  POINT 

2 

345 

PBX  9404,  COMP  B,  PBX  9502 

7 

533 

DETONATION  PRODUCTS  (ELEMENTS)  EFFECT  ON  HE 

6 

710 

REACTION  ZONE  THICKNESS 

4 

96 

DETONATION  PRODUCTS  BELOW  THE  CJ  STATE 

5 

523 

SLURRY 

8 

168 

DETONATION  PRODUCTS  STUDY,  APPARATUS 

8 

702 

TATB/HMX  MIXTURES 

7 

567 

DETONATION  PROPERTIES,  KHT  EOS  MODEL 

8 

548 

THEORIES,  EARLY  WORK 

3 

801 

DETONATION  RESEARCH  IN  CHINA,  SURVEY 

7 

795 

THEORY  8  EXPERIMENT 

8 

168 

DETONATION  STATE,  SERIES  OF  Tt  FOILS 

5 

5 

VARIOUS  THEORIES  COMPARED 

2 

482 

DETONATION  TEMPERATURE,  4-COLOR  PYROMETER 

8 

558 

DICHLOno-TNT,  RADICALS,DECOMPOSiriON  PRODUCTS 

8 

742 

CHARGE-CORE  RADIATION 

2 

157 

DIELECTRIC  LIQUID  EXPLOSIVES,  TRANSDUCERS 

4 

609 

LIQUID  HE* 

7 

759 

DIELECTRICS  (LIQUID)  IN  SHOCK  WAVES 

5 

399 

THEORY,  TNT  S  TETRYL 

2 

165 

DIFFERENCE  EQUATIONS,  ID  FLOW,  ISENTROPE  t  E 

3 

608 

DETONATION  THRESHOLD  DATA,  TNT-FILLED  TARGETS 

7  10S1 

DIFFUSION  EFFECT  IN  COMPOSITE  EXPLOSIVES 

4 

193 

DETONATION  THRESHOLD  VELOCITY,  IMPACT  EFFECT 

7 

273 

DIFFUSION  LAYER  CALCULATION 

8 

1012 

DETONATION  THRESHOLDS,  PBX  9404  1  RX-26-AF 

7 

325 

DIFFUSION  METHOD  FOR  GROWING  LEAD  AZIDE 

7 

736 

DETONATION  TUBE,  STANDARD  (FRENCH),  PHOTO 

6 

126 

DIHFUSION-CONVROLLED  REACTION  RATE  MODEL 

7 

520 

DETONATION  VELOCITY,  ANFO,  TNT,  EMULITE,... 

8 

987 

DILUENT  EFFECT  ON  METHYL  NITRATE  SENSITIVITY 

5 

271 

CALCULATED,  CJ,  EOS,. 

1 

107 

DILUENT  EFFECT  ON  PROPAGATION  OF  NH 

6 

133 

CURVATURE  FUNCTION 

7 

602 

DIMENSIONLRSS  EXPLOSIVE/JET  PARAMETER 

8 

1091 

CURVED  LINER  EFFECT 

6 

5:3 

DIMPLE  TESTS,  THREE  VARIATIONS,  COMP  B 

n 

1080 

DENSITY,  ANFO 

3 

314 

DINA,  BKW  MODEL  8  PERFORMANCE  DATA 

726 

DENSITY,  DATS 

3 

764 

CONFINED  EFFECTS,  FAILURE  DIAMETER 

3 

oon 

DIAMETER  STUDY 

2 

133 

ELTCTRICAL  TRANSDUCER  STUDIES 

4 

609 

DIVERGING 

8 

151 

NM,  TNT,  DITHEKITE  SHOCK  INITIATION 

3 

469 

FROM  HUGONIOT  MINIMUM 

2 

387 

TIME  DELAY  VS  TEMP  RGCIPRUCAL,  DECOMP 

3 

68 

LINEAR  VI  DENSITY 

2 

416 

DINGU,  JENSITIVITY  AND  PERFORMANCE 

8 

351 

MEASUREMENT,  PIN  METHOD 

2 

136 

SYNTHESIS 

8 

351 

OSCILLOGRAPH  TRACF,  HETN 

1 

13 

Vk  TATS,  COMPARISON  OF  PROPERTIES 

7 

540 

RADIUS  (D  VI  1/r) 

2 

430 

DIRECT -CONTACT  DETOHATtON  CENBITIVITY  TEST 

4 

404 

RADIUS  (D  VI  1/r) 

3 

311 

DISCONTINUITIES  IN  HE-ORIVEN  PLATE  TESTS 

4 

645 

SIMPLER  PREDICTION 

7 

953 

DISCONTINUITIES  IN  MODELS,  q  8  LAX  METHODS 

3 

615 

SPHERE,  CYLINDER,  PLANE 

S 

41 

DISCONTINUITY  ANGLE  OF  SHOCK  WAVE 

4 

258 

VI  CHARGE  DENSITY 

s 

74 

DISCREPANCIES  III  LOS,  ADD  FORMIC  ACID 

8 

540 

VI  INITIAL  DENSITY 

H 

390 

DISK  STANDOFF  DISTANCE  EFFECT,  VELOCITY 

7 

306 

DETONATION  WAVE,  FRONTS,  IDEAL/NONIDEAL 

2 

500 

DISLOCATION  DYViAMICS,  CRACKS  IN  ELASTIC  MEDIA 

6 

266 

GENERATORS,  FAMILIES,  TYPES 

5 

517 

DISPLACEMENT  GRADIENT  METHOD,  FLASH  X  RAY 

8 

440 

INTERACTIONS,  MOOELINQ 

K 

# 

487 

DISSOCIATION  ENERGY  v«  DETONATION  VELOCITY, N2 

2 

244 

INTERACTIONS,  MOClLING 

T 

66V 

DISTANCE-TIME  PLOT,  BUILDUP  TO  DETONATION 

S 

248 

SUBSONIC,  CONTAINER  VELOCITY 

5 

85 

OISTANCE-TO-OETONATION  TESTS 

7 

888 

THEORY,  CHINESE 

7 

795 

TlSIANCE-vt-PRESSURE  PLOTS, PETN,  2  DENSITIES 

6 

371 

INTERACTING  WITH  INERTS 

1 

93 

DITHEKITE,  DINA.  TNT,  NM  SHOCK  INITIATION 

3 

469 

DETONATION  ZONE,  CONDENSED  EXPLOSIVES 

2 

358 

PLASMA,  STREAK  CAMERA 

3 

200 

PEAK  LUMINOSITY  MEASUREMENT 

1 

39 

SENSITIVENESS,  Q,  m 

2 

648 

DETONATOR  DESIGN  t  FABRICATION 

2 

720 

DIVERGENT  SPHERICAL  DETONATION  UAV»;'5, SOLID  HE 

5 

31 

DETONATOR  STRESSES,  MOMENTUM,  TIME,  DISTANCE 

3 

285 

DIVERGENT  WAVE,  FLOW  DERIVATIVES,  HEAT 

8 

148 
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OlVERQlNtii  DETONATIONS,  RDX  fc  PETN'BASEO  PBX  7  AOS 

OIVERGINQ  SHOCk  NAVE  IN  PLEXIGLAS  CYLItWERS  5  477 

DIVERGING  SHOCK  WAVE  IMITIAVION,  RDX/TNT  8  143 

ONP,  DETONATION  PROPERTtKS  8  100 

SENSITIVITY,  CAVITATION  EFFECT  7  373 

THERMAL  DECOMPOSITION  AT  P  ■  10*30  kbari  5  331 

DNPP,  LIQUIU  HE,  CHARACTERIZATION  6  467 

ONPTS,  impact  sensitivity,  CRITICAL  TESP  3  69 

DNT,  DIAMETER  EFFECT,  D  V»  1/d,  LIMIT  DATA  4  1U2 

RADICALS  IN  DECOMPOSITION  PRODUCTS  8  74.: 

SENSITIVITY  7  373 

THRESHOLD  VELOCITY,  BURN  RATE  6  119 

DOERINO-KIRKUOOO'UOOO,  INCREASE  IN  VELOCITY  2  198 

DONOR  CHARGES  INITIATING  ACCEPTOR  CHARGES  2  621 

DOPPLER  LASER  INTERFEROMETRY,  VELOCITY  STUDY  8  81S 

DOPPLER  SHIFT  VELOCITY  INtERFEROMETER,  RECORD  6  673 

DOUBLE  WEDGE  TEST,  TATB  AND  HMX  8  892 

DOUBLE'BASE  PROPELLANT,  CASTING  SOLVENtS  4  421 
DOT  STUDY  ,1  658 

OAP  TEFT  SENSITIVITY  3  830 

DOUBLE'CARTRIDQE  TEST,  SENtlTIVENESS  2  604 

DOUBLH'PtPE  TEST  (DPT),  ANFO  IN  40-nin  DIAH  8  390 

DOUBLY  SHOCKED  HMX,  SMEAR  CAMERA  RECORD  3  511 

DOUNSTRFAM  MACH  NUMDER  PLOTS  5  131 

1-2  DP,  EXPERIMENTAL  «  CALC  CJ  PARAMETERS  6  713 

DREV  OAP  TEST,  SHOCK  SENSITIVITY  8  361 

DROP  HAMMER,  IHE  TEST,  LABORATORY  SCAiE  7  965 

DROP  WEIGHT  APPARATUS,  EXPLOSIVENESS,  SKID  6  291 

DROP  WEIGHT  IMPACT  TEST,  COLLIDING  BALL  'i  1 

HOT  SPOTS,  SHEAR  7  970 

POLYMER  EFFECTS  7  24 

TATB/HMX  7  570 

DROP  WEIGHT  IMPACT,  MECHANICAL  PROPERTIES  8  635 

TRANSPARENT  ANVILS  t  635 

DTA  FOR  BTX,  NEW  HIQH-TEilP  EBW  EXPLOSIVE  6  460 

DUAL  VELOCITIES  OF  DETONATIONi  H<l,  TNT,TErRYL  2  583 

DUAL-DELAY'LEQ  VELOCITY  INTERFER0METER(VlkAR1  6  668 
DUST  PARTICLES  INTERACTING  WITH  AIRBLAST  6  784 
DYi.aZD  MODEL,  FAILURE  RADII  t  CORNER  TURNING  7  488 
DYNA2D.  EXPLICIT  HOT'SPOT  MODEL  8  50 

DYNAMIC  COMPACTION,  POROUS  BEDS  OF  INERTS  7  843 
DYNAMIC  COMPRESSIVE  PROPERTIES,  HMX  COMPOUNDS  8  1037 
DYNAMIC  COMPRESSIVE  STRENGTH  EFFECTS  7  17 

DYNAMIC  DETECTION,  SPALLING,  STAINLFSS,COMP  B  6  477 
DYNAMIC  IMPACT  MODEL,  2D  LAGRANOIAN  6  336 

DYNAMIC  RADIOGRAPHS,  SPHERICAL  DETONATION  5  36 

DYNAMIC  STABILITY  OCIUNDARIES,  DEFLAGRATION  6  281 
DYNAMIC  STRESS-STRAIN  DATA,  CAMERA  RECORD  3  420 
DYNAMITE,  CALCULATED  BLASTING  PERFORMANCE  8  987 
EXPLOSIVE  PERFORMANCE  CHARACTERIZED  6  729 
LATERAL  SHOCK  PRESSURE  TESTS  4  95 

THERMAL  HAZARD  7  43 

EA,  EUTECTIC  OF  EDD  AND  AN,  PERFORMANCE  TESTS  7  548 
EAK  AND  EAKL,  INTERMOLECULAR  EXPLOSIVES  8  111 

EAK,  EUTECTIC,  NON -STEADY -STATE  EFFECTS  8  1001 

GAP  TEST  RESULTS  8  232 

LOW  EXPLOSIVHY  BUT  NOT  LW  SENSITIVITY  8  IOCS 
EAR  (EOD/AN/RD/.)  PLATE  DENT  TEST  DATA  7  551 

EARLY -MOT I ON  TEST,  AWRE  CYLINDER  TEST  7  680 

EBW  DETONATOR,  HIGH  TEMP,  NEW  EXPLOSIVE  (BTX)  6  460 

EBW,  CAUSE  OF  ENERGY  LlMIi  4  449 

ILLUMINATION  IN  PC  PHOTOS,  PBX  9404  6  666 

EDD,  EUTECTICS  7  548 

EDGE  EFFECT  STEADY-STATE  DETONATION  6  356 


EDNA,  IMPACT  SENSITIVITY  AND  OB/100  3  674 

LIMIT  DATA,  HIGH  REACTION  ZONE  4  184 

SENSITIVITY  AND  OXYGEN  BALANCE  DATA  3  699 
WAVE  CURVATURE  VS  CHARGE  LENGTH  2  506 

EONP,  LIGUIO  HE,  CHARACTERIZATION  6  467 

EFHICtENT  YEMPERATURE,>  SHOCK  PRESSURE  OF  EOS  6  105 
EGO,  SENSITIVENESS,  (>,m  2  649 

SENSITIVENESS,in  X  Q  2  700 

EGON,  BUBBLE  ENERGY,  UNDERWATER  EXPANSION  6  546 
LIGHT  EMISSION  DURING  INITIATION  3  133 

EIE,  FRENCH  I ON -EXCHANGED  EXPLOSIVE  4  156 

EINFTEItl  VIBRATIONAL  FREQUENCY,  PARTITION  f  2  407 
ELA  20  MODEL,  AWRE  EOS  DETERMINATION  7  678 

ELA  20  STEADY-tTATt  CODE  4  14 

ELASTIC  HALF -SPACE.  WATER  SURFACE  DETONATION  5  497 

ELASTIC  MODULI,  PETN  CRYSTALS  6  400 

ELASTIC  PRECURSOR  DECAY  MODbL,  WITH  CRACKS  6  267 

ELASTIC  PRECURSOR  WAVES  IN  IRON  AND  QUARTZ  4  569 

ELASTIC  PRECURSOR  WAVES  IN  LVD,  CAVITATION  5  85 

ELASTIC  PKECURSOR  WAVES  IN  SHOCKED  BERYLLIUM  5  467 

ELASTOPLASTIC  EFFECTS,  ATTENUATING  SHOCK  WAVE  4  277 

cLASTOPLAsrtC  RELEASE  OF  Mg  AT  80  kbaro  4  290 

ELECTRIC  BOUNDARY  VALUES,  LAPLACE'S  EQUATION  4  596 

ELECTRIC  FIELD  INITtATION,  EXPLOSIVE  AZIDES  6  390 

ELECTRIC  GUN  TEST  SETUP  8  1126 

ELECTRIC  OUN,  INITIATING  TATB,  SHORT  SHOCK  8  380 

Electric  probe  technique,  detonation  i  deflaq  4  616 

ELECTRICAL  CONDUCTIVITY,  DETONATION  PRODUCTS  4  595 
LIQUID  DIELECTRICS  5  399 
ELECTRICAL  EFFECTS  IN  PIN  METHOD,  VELOCITY  2  141 

ELECTRICAL  INITIATION  OF  RDX  3  88 

ELECTRICAL  HM'ICTION  EFFECT,  SHOCKED  METALS  6  151 

ELECTRICAL  fiF.SiCTANCE  OF  IONIZED  ZONE  3  112 

ELECTRICAL',  v  '‘';.ELERATED  FLYER  PLATE  SYSTEM  6  653 

ELECTROCHEMICAL  ELECTRODE  EFFECT,  LAB  STOCK  5  399 

ELECTRODE  INTERFACE  EFrECTt,  LEAD  AZIDE  6  393 

ELECTRON  BEAM  HEATING,  STRESS  PULSE  MPASUkEO  >  351 

ELECTRON  BEAM  INITtATION  .'50 

ELECTRON  BOMBARDMENT  DECOMPOSITION,  AZIDES  2  531 
ELECTRON  DENSITY  DISTRIBUTION  ANALYSIS,  HQ  8  839 
ELECTRON  PARAMAGNETIC  RESONANCE  (EPR)  8  734 

ELECTRON  PAHAHAQNETIC  RESONANCE  (EPR)  SPECTRA  8  742 
ELFCTHONIC  EXCITLO  STATES,  BOND  SCISSION  7  93 

ELECTROSTATIC  POTENTIAL  HAP,  Nd  8  845 

EMBEDDED  FOILS,  DETONATION  STATE  MEASURES  5  4 

X-RAY  PHOfOS,  FITS  TO  5  16 

EMBEDDED  GAUGE  MEASUREMENTS  V8  RFLA  7  466 

EMBEDDED  GAUGES,  LX- 17  8  1053 

MANUANIN,  TATB  INITIATION  7  385 
EHF  STATIC  t  DYNAMIC  LOADING,  C.T.E./Cu  JUNCT  4  633 
EMISSION  INTENSITY,  REACTIVITY  INDICATOR  8  15 

EMISSION  SPECTRA,  DETONATING  HNS  8  694 

Hg(CNO)j;  t  CeH(N02)3(02Pb)  8  710 

EMP  GAUGES,  STEADY-STATE  VELOCITIES  8  157 

EMULITE,  AIR  HUQONICT  8  ISENTROPES,  HOOEL  8  1077 
CALCULATED  BLASTING  PERFORMANCE  8  987 
PRECURSOR  AIR  SHOCK  IN  AIR  GAP  8  1072 

EMULSION  EXPLOSIVES.  PERFORMANCE  TESTS,  MODEL  8  985 
EMULSIONS,  GLASS  MICROBALLOONS,  PERFORMANCE  6  993 
EHV  OAUQE,  ASSEMBLIES,  (ELECTROMAGNETIC  VEL)  8  102 
HUQONIOTS,  POROUS  TNT  6  766 

RISE  TIME,  FLOW  PERTURBATION  7  1062 

SCHEMATIC,  PARTICLE  VELOCITIES  5  413 
EMV  GAUGE,  TECHNIQUE,  PMHA  5  413 
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EN,  BURN  RATE,  SENSITIVENESS  2  dS1 

RADIANCE  t  DETONATION  TENOS  7  762 

SENSITIVENESS  2  699 

SENSITIVENESS,  Q.  m  2  64S 

SHOCK  COMPRESSION  THROUGH  INERT,  DCT  3  E13 

ENERU  BAND  OIAQRAM,  SCHOTTKY* BARRIER  CONTACT  6  391 

ENERGY  DELAY  EFFECf  ON  BLAST  WAVE  7  729 

ENERGY  EFFECT  ON  DECOMPOSITION  OF  DDT  3  »42 

ENERUY  F'TACTIONC,  BUBBLE,  HEAT,  HNCHAN'CAI , . ,  6  5S4 

ENERGY  release,  CHEMICAL  SYSTEMS  3  738 

RATE  MODEL,  FLOW  FIELDS  7  498 

ENERGY  THRESHOLD  VS  SHOCK  PRESSURE  6  112 


ENERGY  TRANSFER  EFFICIBNCY,PLATES  8  CYLINDERS  4  21 
ENERGY  TRANSFER  TO  RIGID  PISTON  AFTER  IMPACT  3  20S 
ENERGY  TRANSFER  vs  MASS  RATIO,  SPHERE8,HOOELS  6  526 
ENHANCED  THERMAL  DIFFUSIVITY, SHOCKED  PBK  9404  7  1006 
ENVIRONMENTAL  SHOCK  TESTING,  CONDENSED  PHASES  3  24 


EOS  I  CRITICALITY  CONDITIONS  FOR  LIQUID  HE  4  395 
EOS  DETERMINATION,  AWRE  METHOD  7  678 

EOS,  1060  ALUMINUM,  SHOCK  WAVE  MEASUREMENT  4  213 

ALUMINUM  2  354 

ALUMINUM  3  358 

AN'BASED  HE  8  997 

ANTIMONY  6  602 

ARGON,  EXPANSION  ISENTR0PE8  OF  TATB  8  816 

BASED  ON  !NTERMOLECULAR  POTENTIALS  7  703 

CALIBRATION  METHOD  8  794 

CARBON  8  521 

CAST  PBK  (HMX/POLYURETHANE)  8  599 

CHNO  EXPLOSIVES  PROPERTIES  MODEL  7  703 

CJ  CONDITIONS  (K'W)  4  27 

COMP  B  43 

DETONATION  OASES  1  72 

DETONATION  PARAMETERS,  CHINESE  7  795 

DETONATION  PRODUCTS,  AT  P  <  30  kbart  4  52 

DETONATION  PRODUCTS,  C  vi  HCOOH  8  540 

DETONATION  PRODUCTS,  COMP  B  4  47 

DETONATION  PRODUCTS,  GASES  4  29 

DETONATION  PRODUCTS,  INTRODUCTION  8  765 

DETONATION  PRODUCTS,  VLW  EOS  8  796 

ELASTOPLASTIC  MATERIALS,  Al,  CU,  C-7  4  280 

GAS  8  LIQUID,  LENNARD-JONES-DEVONSHIRE  1  108 

GRANULAR  HE,  PULSED  ELECTRON  BEAM  5  351 

GRAPHITE  AT  TNT  CJ  POINT  2  401 

H2-02  DETONATIONS  2  221 

HBX-1  5  531 

HMX/POLYURETHANE  7  678 

HMX/TNT  4  24 

HNAB,  RATE  MODELING  7  416 

LUCITE  3  584 

NITROMCTHANE  7  609 

PBX  9404  7  407 

PETN  DETONATION  PRODUCTS  0  503 

PLEXIGLAS  5  477 

PMMA  5  477 

POLYTROPIC,  CJ  PARAMETERS  v»  AREA  7  589 

POROUS  MATERIAL  (INSULBOARD)  3  396 

RDX  7  V16 

REACTIVE  MIXTURES,  POSTOETONATION  7  650 

SOLID  EXPLOSIVE  (TAIT)  *  ISENTROPE  3  610 

TNT,  BURN  MODEL  FROM  LSZK  EOS  5  470 

TNT,  IMPACTED,  UNCONFINED  5  316 

TNT/NaNOj  50/50  2  519 

EOS,  UNREACTED  EXPLOSIVE  3  542 


BOS,  URANIUM  AFTER  SHOCK  LOADING  5  547 

WATER  3  357 

WATER  4  27 

WATER,  TWIN  SPHERE  INTERACTION  5  581 

WCA4  8  521 

EPfi  RESOHANCE,  TRIMITROAROMATICS  8  742 

EPR  SPECTRA  OF  TETRYL,  TNT,  DNT,  AND  OAtB  8  742 

BPR  THEORY,  DECOMPOlITtON  OF  RDX  HMX  6  734 

RADICAL  IDENTIFICATION  8  734 

EPR,  HIQH'ACCELBRATIOM  CHEMICAL  REACTION  8  243 

THERMAL  DECOMPOSITION  OF' NITRAMINGS  7  75 

EOaRTION  OP  NOTION,  CURVATURE  EFFECTiji  1  95 

ESUILIBRIUM  IN  C2N2/O2/N2,  PROOF  OF  C4  THEORY  2  238 

EREMENKO'S  RELATIVE  DETONATION  IMPULSES  7  952 

ERYTHROSIN  IN  A21DE  PHOTOCHEMICAL  INITIATION  2  554 

ET,  Pd,  D  ,  3  744 

ETARC  CODE,  CHEMICAL  EQUILIBRIUM  MODEL  7  /05 

EULERIAN,LAORANQIAN  COORDINATES  COUPLED, MODEL  4  529 

EUTECTIC,  AN ‘BASED  HE  8  997 

AN-COMPOSITE  EXPLOSIVES  7  801 

AN,  COSOLIDIFICATION,  INDICES  6  448 

in.p.  OF  BINARY  MIXTURES,  LIQUID  HE  6  470 

EVANS'  LIMITS  IN  HOMOGENEOUS  EXPLOSIVES  4  190 

EXCESS  TRANSIT  TIME  VS  FLYER  VELOCITY  6  660 

EXCIMER  LASER  INITIATION,  SPECTROGRAPHY  8  710 

EXPANSION  ISENTROPES,  TATB  COMPOSITIONS  8  815 

EXPANSION  WAVE  BEHIND  DETONATION  FRONT, IMPACT  4  560 

EXPLOOING-FOIL  SHOCK  SENSITIVITY  TEST  7  924 

EXPLODINQ-WIRE  DETONATOR,  PETN  SURROUNDING  IT  1  9 

EXPLOSIVE  DEFLECTION  OF  A  LINER  S  457 

EXPLOSIVE  GRAINS,  CUMP  B,  TNT,  M30A1  7  89V 

EXPLOSIVE  PARAMETERS,  CONICAL  SHAPED  CHARGES  8  1093 

EXPLOSIVE  SHOCK  ADIABAT,  COMPRESSIBILITY  7  791 

EXPLOSIVE  WEDGE  TEST,  SETUP  8  STREAK  RECORD  6  22 

EXPLOSIVE-DRIVEN  HE,  SHOCK  WAVES  IN  X  RAYS  646 

EXPLOSIVE-DRIVEN  METAL,  MODELS  8  602 

EXPLOSIVE  FILLED  TRANSDUCER,  CHARGE  ASSEMBLY  4  611 

EXPIOCIVE-PLATE  INTERFACE,  VELOCITY, COMP  B/SS  4  545 

EXPLOSIVEN2SS,  AURE  LABSET  TEST  7  17 

MUNITION  FILLINGS  7  1040 

RAROE  BURNING  TUBE, CON II NEC  HE  ''  1040 

RESkO'ISE,  HMX-BASED  P8X«  8  1035 

SMALL-SCALE  SKID  TEST  0  290 

VS  MINIMUM  IMFACT  VELOCITY  8  268 

EX0I.OSOPKOROU5  BONDS,  SENSITIVITY,  C-NOg  7  66 

EXTEX,  MINIMUM  PRIMING  CHARGE  TEST  MODEL  7  479 

EXTRUDABLE  HE,  36  NEW  LIQUID  CARRIERS  6  466 

EYRING'S  CURVED-FRONT  THEORY  3  310 

EYRING'S  CYLINDER  DETONATION,  DIAMETER  EFFECT  3  707 

EYRING'S  EQUATION  FOR  UNCONFINED  CHARGES  2  461 

EYRING'S  THEORY  8  TECHHIQUE  DISCOUNTED  2  452 

'.'ABRY-PEROT  INTERFEROMETER,  SCHEMATIC  8  124 

Uf,  6  596 

FABRY-PEROT  VV  ROTATINQ-MIRROR  RESULTS  3  617 

FAILURE  8  REIONITION  PROCESSES,  NH/PHNA/AI  6  130 

FAILURE  CONS  AMD  FAILURE  WEDQE  SETUPS  0  980 

FAILURE  DIAMETER,  BIS-DIFLUOHOAMINO  ALKANES  5  89 

CHARGE  SETUP  5  91 

r'OR  PBAA  PROPELLANTS  (RDX)  4  IDS 

NITRIC  OXIDE,  SHOT  SETUP  6  724 

RDX  ADDITION  4  97 

SOLID  COMPOSITE  PROPELLANT  4  IDE 

THEORY,  APPROX.  DELETED  5  99 

FAILURE  EFFECTS,  DARK  WAVES  IN  LIQUID  HE  5  169 
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rAtLURK  LIMIT  CMVEI,  TNT,  OtAM  Vt  DENAITY 
i'AILUXE  OF  CJ  THEORY  FOR  SOUO'  A  LIQUID  HE 
FAILURE  RADII,  DATA  1  HOOllL,  HOT  SPOTS 
FAILURE  RADII,  TESTS,  PBX  9404  I  LX-17 
FAILURE  WAVES,  PHOTO  MAPPING  TECHNIQUE 
FALLINQ  HAMMER  TEST,  MN  SENSITIVITY 
FAST-IURNINO  REACTION,  PETN,  FRAMING  CAMERA 
FDA,  LIQUID  HE,  CHARACTER  I ZAM  ON 
FDEE,  LIQUID  HE,  CHARACTERIZATION 
FDEX  (AN/ADNT/EDD/KN)  SENSITIVITY 
FDNE*A,'N,>S,  LIQUID  HE,  CHARACTERIZATION 
FDNEP,  LIQUID  HE,  CHARACTERIZATION 
FEFO,  EXPERIMENTAL  A  CALCULATED  CJ  PARAMETERS 
LIQUID  HE,  CHARACTERIZATION 
riBER  OPTIC  DETECTORS  USED  WITH  STREAM  CAMERA 
FIBER  OPTICS  ASSEMBLY,  SHAPCD'CHAROE  TEST 
FIBER  OPTICP,  OASED  DEVICE,  ARRIVAL  TIME 
FICKETT  (  WOOD  EOS,  STRAIGHT-LINE  CJ  ADIABAT 
FICKEIT-JACCSt  CYCLE 

FILM  CONTACT,ANVIL, IMPACT  SENSITIVITY  MACHINE 
FILM,  SPRAYED-ON  ME,  LARGE-AREA  DETONATOR 
FINITE-DIFFERENCE  MESH,  R  CHARGES  UNDERWATER 
FINITE-DIFFERENCE  METHOD,  FLOW  TO  PISTON 
FINITE-DIFFERENCE  SCHEME  IN  LAURANQIAN  COORD. 
FITS  TO  p-U  POINTS  FOR  HMX/TNT 
FITTING  FORM  DESIGN,  ISENTROPE 
FIVONITE,  WAX-GAP  TEST 
FLAME  ANALYSIS,  TETRYL,  PETN,  NITROGLYCENIN 
FLAME  AS  REACTIVE  DISCONTINUITY 
FLAME  HEIGHT  PREDICTIONS,  HMX  IN  DDT 
FLAME  PROPAGATION,  CONVECTIVE  BURN  MODEL 
FLAME  SPREAD  IHROUGH  PROPELLANT,  DDT 
FLAME  TRAJECTORY,  CALCULATED 
FLASH  X  RAY.  CINLPADIOCRAPHY,  HIGH  SPEED 
COMP  S,  JET  INITIATION 
INSTRUMENTED  SHOTGUN,  DEF,  XOT 
PHERMEX 

FLASH-GAP  TECHNIQUE,  DEIOUATION  PAESSUNE 
FLAT  PLATE  TCJT,  ELECTRIC  GUN  INITIATION 
FLO,  PRESSURE -BASED,  RUACTIVL  FLOW  2D  MODEL 
FLOW  BEHIND  REACTION  ZONE,  PLATE  DENT  RESULTS 
FLOU  BOUNDARY  t  SHOCK  WAVF.  IN  AIR,  PHOTO 

Flow  meld  measurements,  explosive  structure 

FLCiW  FIELDS,  CALCULATION,  RFLA  TECHNIQUE 
FLOW  GAUGER,  CONSTITUTIVE  RELATIONSHIPS 
FLOW  VELOCITY,  EMV  t  VELOCIMETER 
FLUID  MODEL,  ID,  COMPRESSIBLE,  REACTIVE  FLOW 
FLUORINE  AS  OXIDIZER  IN  EXPLOSIVES 
FLUOROOINITROMETHYL  COMPCJNDS,  SENSITIVITY 
FLIKMCMETHYL-  SYNTHESIS,  HISTORY 
FLUORONITROALIPHATIC  SENSITIVITY,  OXYGEN  SAL 
FLYER  ACCELERATION,  EXPLODING  METAL  FOILS 
FLYER  PLATE,  COLLISION,  PHERMEX  RADIOGRAPH 
CONVERGENT  FLOW  DRIVER 
CRITICAL  SURFACE  AREA  CONCEPT 
ENERGY  VI  REACTION  RESPONSE 
EXPLODING  FOIL,  SENSITIVITY  TEST 
IMPACT  SIMULATION 
IMPACT  TEST,  HE  SENSITIVITY 
LIMITING  VELOCITY 
METAL-HE-METAL  ACCELERATION 
OBLIQUE  IMPACT 

SCHEMATIC,  HNS  SENSITIVITY  TEST 
FLYER  PLATE.  SHOCK  FOCUSING 


5 

ZT1 

FLYER  PLATE.  8LAPPERS,  AIR  8  GAS  EFFECTS 

7 

930 

4 

84 

TEST  SETUP,  ISL  (I^RANCE) 

8 

362 

6 

411 

FLYER  VELOCITY  CALIBRATION  CURVES 

6 

658 

7 

488 

FLYER  VELOCITY  Vi  BURST  CURRENT  DENSITY 

'8  1127 

5 

115 

FLYING-FOIL  TESTS  IN  METHANE  t  VACUUM,  9404  . 

4 

376 

5 

268 

FOAN2D  HE,  DETONATION  CHARACTERISTICS 

5 

47 

3 

16 

FOAMED  PETN  CHARGE,  LOW-DENSITY  HE  HYrTEMS 

6 

183 

6 

467 

FOMIS,  SHCiCKED,  HEATED,  PRESSUHO  WAVZS 

4 

266 

6 

467 

FOIL -MOTION  METHOD,  CJ  COND1 1 1ONS, LOW  DENSITv 

6 

185 

7 

804 

FOILS,  CONFINEMENT,  REDUCINQ  FAILURE  DIAMETER 

2 

474 

6 

467 

FOREST  FIRE  BURN  MODEL  ys  TEBT  DATA 

7 

479 

6 

467 

FOREST  FIRS  MODEL,  TARGET  GAUGE  RECORDS 

6 

27 

6 

7i3 

FOUP.-tNOCK  CONFIGURATION,  UBLIQUE,  REFLECTED 

6 

572 

B 

467 

FRACTURE  IN  hE-METAL  SYSTEN,SCABRING/SPALLINU 

1 

33 

8 

381 

FRACTURE  PATTERNS, IMPACTS  AT  DIFFERING  ANJlRS 

5 

575 

8 

462 

FRACTURE  PHENOMENA;  FROM  SUDDEN  RELEASE 

1 

35 

8 

460 

HIGH  acceleration 

8 

243 

4 

52 

XPS  (SPECTROSCOPY) 

8 

243 

8 

794 

FRACTURE  ZONE  LIMITS  VB  ANGLE  OF  INCIDENCE 

5 

578 

3 

11 

FRAGMENT  ATTACK  TEST,  SENSITIVENESS 

2 

696 

7 

746 

FRAGMENT  IMPACT  EFFECTS,  PLATE  t  PLUG 

7  1048 

6 

584 

FRAMING  CAMERA,.  COMP  1  B  DITHEKITE  PLASMA 

3 

189 

3 

205 

RECORD,  NM/PMMA/Al,  WAVES 

6 

129 

4 

528 

FREE  RADICALS,  HMX  DECOMPOSITION 

8 

737 

4 

61 

RDX  DECOMPOSITION 

a 

737 

n 

792 

FREE-RADICAL  SHOCK  INITIATION  MODEL 

7 

778 

1 

n 

FREE-SURFACG  MOTION,  PREDICTION  1  DATA 

4 

295 

2 

572 

STREAK  CAMERA  READINGS 

4 

573 

7 

223 

FRCE-SURFACE  ROTATION,  UBLIQUE  SHOCK 

4 

566 

7 

16V 

FREE-SURFACE  VELOCITY,  •  7.(PARTIClE  VELOCITY) 

1 

91 

7 

186 

FLAT  TCP 

2 

381 

7 

143 

IRON  IMPACTED,  25  GPa 

6 

672 

t‘ 

227 

V«  PLATE  THICK,  PINS 

2 

349 

7 

986 

vs  LLATU  THICKNESS 

2 

330 

7 

358 

vt  PLATE  THICKNESS 

4 

547 

7 

299 

VI  TIME,  PBX  9404 
VI(PLATE  THICK/CD)'^ 

5 

324 

4 

639 

5 

20 

5 

13 

FREE-VOLUHE  INCREASE,  SLOWER  REACTION, LOWER  P 

2 

829 

8 

614 

FREE-VOLUME  THEORY,  FLUIDS,  LENNARD- JONES- .. . 

1 

10/ 

7 

328 

FRICTION  INITIATION  APPARATUF 

5 

291 

2 

749 

FRICTION  TEST,  SENSITIVENESS  TESTING 

3 

660 

5 

461 

FRONT  (  MASS  VELOCITY  IN  EVACUATED  CHAMBERS 

4 

176 

5 

33 

FTE,  LIQUID  HE,  CHARACTERIZATION 

6 

467 

7 

466 

FULL-MOTION  TEST,  AWRE  CYLINDER  TEST 

7 

679 

5 

427 

FUNDAMENTAL  RESEARCH  ON  EXPLOSIVES,  NO 

8 

422 

7 

1064 

FUZE  DESIGNS  t  TECHNOLOGY 

2 

720 

2 

313 

GAMMA  S  CJ  PRESSURE  (CALC)  VI  DURAL  DATA 

3 

394 

7 

940 

GAMMA  LAW  HE,  DETONATION  PARAMETER  RELATIONS 

3 

754 

7 

84 

GAMMA  LAW,  (P-V  BEHAVIOR),  COMP  B 

4 

8 

7 

84 

CALCULATI'JNS,  HE  PARAMETERS 

8 

946 

7 

87 

EOS  VI  DATA,  CJ  PRESSURE 

5 

8 

6 

653 

EOS,  P-Up  ISENTROPE  FROM  CJ  STATE 

3 

387 

4 

645 

GAMMAS,  QRUNEISEN  AND  ADIABATIC 

8 

791 

7 

826 

GAP  TEST,  6-1n.-DIAM  CONFINED, INSTRUMENTED 

8 

223 

7 

316 

CARD,  PROPELLANTS,  CONFINEMENT 

3 

823 

6 

7 

CAVITATION  EFFECT  ON  SENSITIVITY 

7 

373 

7 

924 

CRITICAL  FAILURE  DIAMETER 

3 

800 

8 

52 

CRITICAL  SHOCK  INITIATION 

7 

278 

6 

105 

CYLINDRICAL 

4 

462 

7 

798 

DATA  VI  FRAGMENT  IMPACT  DATA 

8 

1151 

7 

811 

ERDE,  SENSITIVENESS 

2 

646 

4 

381 

HISTORICAL  WORK 

3 

785 

7 

1025 

INITIATION  THRESHOLD,  TNT 

6 

36 

6 

62 

GAP  TEST,  INTERSTITIAL  GAS  EFFECTS 

5 

247 

1689 


B.  Topic  Phraso  Indax  (conttnuMi) 


rJtJeCT  lYN  PAGE 

aiBJECT  SYM  PAqE ' 

GAP  TEST,  LIQUID  MONOPAOPELLANTS 

3 

436 

GAUGE,  QUARTZ,  TECHNIQUE  FOR  IMPACT  tESTS 

5 

S69 

LOW^AMP  SHOCK  INITIATION  (LASI) 

7 

285 

QUARTZ,  THICK,  PMMA  , 

4 

2P,2 

LOW'OROEK  REACTIONS  IN  SHOCKED  HE 

A 

462 

REiiORDO,  PERFECT  Vl  MODEL 

7 

472 

MODEL  V£  LANL  A  NOL  RESULTS 

7 

479 

QBFO,  LIQUID  HE,  CHARACTERIZATION 

6 

467 

MOOlPIED 

a  1131 

06  AND  Bl,  COMPLEX  SHOCK  WAVES 

3 

408 

MODIFIED,  LOU‘VELOCITY  DETONATION 

7 

575 

GELIONITE,  BHI^K  PARAMETERS,  MIXING  EliPLOSIVll 

4 

559 

MODIFIED,  UNDERWATER  SHOCK  TO  BURN 

4 

488 

GEM-DINITRO  COMPOUNDS,  IMPACT  TESTS,  01/100  . 

3 

676 

MORS  RELIABLE  FOR  MONOPROPELLANTI 

2 

695 

GEOMETRICAL  SHOCK  rOCUNlNG  , . 

6 

62 

HM,  SOX  6AP  >  WITH  Al  CONFINEMENT 

3 

798 

OIBBS  FREE  ENERGY, ,S6UILISRIUM  COMPUSITION 

4 

168 

NOL,  SHOCK  PRESSURE  TO  INITIATION 

3 

584 

GITTINGS*  FLYING  FOIL  RESULTS,  VACUUM/METHANE 

8 

1061 

PERPENDICULAR,  LOW'ORt'ER  REACTIONS 

4 

463 

GLASS  MICROSALLOONB,  EMULSION  EXPLOSIVES 

8 

993 

SCHEMATIC  CROSS  SECTION 

S 

220 

GLASS  MOUSETRAP  Pl.ANE-WA'/F  OENERATON 

8 

447 

SENSITIVENESS  TESTING 

3 

660 

GLYCOL  DINITRATE..  DILUENT  EFFECTS  IN  NM 

.7 

583 

SENSITIVENESS,  CONSTANT  PRIMER 

Z 

602 

GRAIN  BURNING,  BUILDUP  TO  DETONATION 

6 

11 

SENSITIVITY,  LIQUID  HE  SYSTEMS 

4 

412 

ORAIN-BURNINC  MODEL,  REACTION  ZONE  MOOBf. 

3 

310 

SETUP,  TATS  AND  HMX  COMPOUNDS 

a 

897 

GRANULAR  DGCOMPOSITION,  LAMINAR  CHAIN  NURNING 

7 

394 

SETUP,  VACUUM  VI  AIR 

7 

5 

GRANULAR  HE  DETONATIONS  MWCL 

8' 

35 

SHOCK  WAVE  SENSITIVITY  IN  LIQUIDS 

7 

575 

GRANULAR  HE,  PRESSED,  SHOCK  .TO  INITIAriON 

3 

562 

SHOCKED  H-6  A  PBXW-109 

7 

308 

granulometry  effect  on  MACH  REFLEOTICN 

8 

■437 

SMALL •SCALE  TEST  SETUP 

s 

261 

GRAPHITE  FT-i  EFFECT  ON  D  VI  IMIYiAl  DFuSITT 

? 

392 

TATS  FORMULATIONS,  PANTEX 

7 

430 

GRP  EFFECT  CV  FRICTIONAL  INiTiATlOH 

5 

295 

WAX  Af  INERT  BARRIER 

3 

787 

GROWTH  OP  DETONATION  FROM  INITIATING  SHOCK 

3 

5.34 

WAX  EFFECTS  ON  SENSITIVITY 

4 

401 

GROWTH  OF  REACTION  IN  SMALL  CliAROES,  TESTS  . 

6 

290 

WAX,  SENSITIVITY,  PRESSED/CAST 

1 

22 

GROWTH  TD  DETONATION  IN  ACCEPTOR,  HlfTH  ORDER 

2 

'6c6 

GAP  THICKNESS,  COMPRESSIVE  HEATING  IGNITION 

7 

3 

GROWTH  TO  DETONATION,  C-4  6' AP, INTERFEROMEYRY  ' 

4 

5A4 

GAS  BUBBLE,  SCREENING  EFFECT,  DELAYED  ARRIVAL 

A 

587 

GRUNEISUN  COEFKICIQHT  FOR  ORANULAR  EXPLOSIVES 

5 

351 

GAS  DETONATION,  STRUCTURE  A  INSTABILITY 

4 

67 

QRUNEISEN  EOS,  COEFFICIENTS,  Cu  AND  Al 

8 

615 

GAS  EFFECTS  ON  FLYER  INITIATION 

7 

931 

UNREACTEU  PORO>JB  TNT 

6 

76/ 

GAS  EVOLUTION  AND  GAS  ESCAPE  VN  PRESSURE 

1 

110 

GRUNEISEN  GAMMA  ALONG  CJ  ADIALAT,  HNB 

7 

eP5 

GAS  ^RACTIONS,  PYROLYSIS  S  FINAL  GAS  FRACTION 

a 

938 

PRUNEISEN  PARAMETER,  FVALUATION,  METALS 

4 

205 

GAS  GUN,  HUGONIOT,  LEAD  AZIUE 

6 

389 

MEASUREMENT,  HNS  II 

6 

742 

TESTS,  PLANAR  SUSTAINED  SHOCKS 

7 

sas 

PRECOiPREISION  EFFECTS 

'> 

68 

CAS  IMPERFECTION  FACTOR  F  OEFINIIO,  K<W  EOS 

2 

385 

QURIT  CHARGE,  PRECURSOR  AIL  SHOCK,  OET  FRONT 

8  1071 

GAS  IN  SUPERSONIC  NOZZLE  FLOW,  SHOCK-LIKE 

2 

295 

GURNEY  CONSTANT,  SIMPLER  »HEDICTION 

7 

952 

GAS  NONIOEALITY  IN  CJ  STATE,  SCHMIDT  EQUATION 

2 

204 

GURNET  CURVS  VI  CALCULATED  EFFICIEIICIES 

•» 

824 

GAS  PASSING  THROUGH  SHOCK  FRONT  INTO  REACTION 

1 

43 

GURNET  ENERGY  vi  INITIAL  DENSITY  FOR  CP 

7 

873 

GAS  POCKETS  IN  LOW-VELOCITY  DETONATION 

2 

582 

GURNEY  MODEL  AND  THOMAS*  SYNTHESIS 

8 

602 

GAS  SHOCK  VELOCITIES,  HMX/TNT/INERT 

4 

57 

GURNEY  MODEL,  FRAGMENT  VELUflTIES 

4 

IV 

GAS-DYNAMICAL  MODEL,  RDX/TNT  INITIATION 

a 

196 

GURNET  VtsLOCITY,  CAFINH  EXPANSION  MODEL 

7 

834 

GAS-PHASE  REACTIONS  IN  DOT 

7 

216 

H-6,  ANOMALOUS  INVERSE  8EHTITIVI  I'Y,  LASI 

7 

293 

GASDYNAMIC  FLOW  FUNCTIONS,  DIMENSIONLESS 

6 

592 

BURNING  AND  DETONATION,  GAP  TEST 

7 

308 

GASEOUS  DETONATION  WAVES,  AIR  CYCLE  CALC 

2 

266 

HUGONIOT  DATA  FOR  UNREACTED  EXPLOSIVE 

5 

251 

GASEOUS  DETONATION,  PHOTOS,  O2-H2,  O2-CO 

2 

201 

HARDNESS  NUMBERS,  GROWTH  SURFACE  OF  RDX 

7 

MO 

RAPID  DENSITY  CHANGES 

2 

187 

HAZARD  CLASSES,  VELOCITIES  OF  PROPELIANTS 

6 

303 

GASEOUS  FLOW  FROM  METAL  TUUE  (ZD),  CODE 

3 

226 

HAZARD  POTENTIAL,  LIQUID  HE,  LARGE  HA&S 

6 

122 

GAUGE  CALIBRATION,  PRESSURE,  CARBON  RESISTOR 

5 

54 

imx,  MEASURED  DETONATION  VELOCITY,  0-54  Xpst 

5 

73 

GAUGE  RECORDS,  PERFECT  VI  MODEL 

7 

472 

V-d  CURVES,  WAVE  SHAPE  VI  d,  KINETICS 

2 

733 

GAUGE  RISE  TIME  A  PARTICLE  VELOCITY  (EMV) 

7 

1064 

HBX-1,  DENSITY,  CD.  D,  EXPERIMENTAL  PRESSURE 

3 

376 

GAUGE,  ELECTROMAGNETIC  VELOCITY  TECHNIQUE 

5 

413 

ELECTRON-BEAM  INITIATION 

7 

SO 

EM,  REACTION  RATES 

a 

99 

STABILITY  1  EXPANSION  BEHAVIOR 

5 

523 

EM,  REACTION  RATES  FROM 

0 

03 

HBX/TNT/Al,  V-d  CURVES,  WAVE  SHAPE  VI  d 

2 

733 

EMBEDDED  VI  VISAR  IN  REACTIVE  FLOW 

a 

955 

HEAT  CAPACITIES,  CALC,  C,  0,  N,  CN,  CO,  O2,.. 

2 

239 

EMP,  INTERMOLECULAR  HE  REACTION 

a 

187 

HEAT  OF  EXPLOSION  X  MASS  BURN  >  BENSITIVERESS 

2 

643 

IONIZATION  A  PIEZOELECTRIC 

2 

201 

HFAT  PULSE,  FORMATION  6  TRANSMISSION 

3 

575 

MANGANIN  WIRE,  PRESSURE  MEASUREMENT 

6 

625 

HEAT  RELEASE,  PLANE  AND  HEMISPHERICAL  WAVES 

« 

147 

MANGANIN,  LOW  RESISTANCE 

7 

386 

RATE  ALONG  SHOCK  TRAJECTORY 

8 

143 

MANGANIN,  MULTIPLY  EMBEDDED 

6 

21 

VI  VELOCITY,  CAREOUS  DETOHATION 

2 

268 

MANGANIN,  STRAIN  COMPENSATED 

6 

330 

HEAT  TRANSFER,  FROM  (p,V,l) 

7 

504 

MULTIPLE  LAGRANGE,  TNT 

6 

786 

HEAT  TRANSFER  FACTOR  IN  INITIAilON 

3 

793 

MULTIPLE,  STUDIES  IN  SITU 

7 

1062 

HEAT-SENSITIVE  FILM  RECORD,  HOT  CPOTS,  SHEAR 

7 

970 

PARTICLE  VELOCITY,  NEW 

8 

447 

HEATS  OF  FORMATION,  AT  298  K,  EXPLOSIVES 

3 

638 

PBX  9S01  EJECTA 

7 

883 

CN,  CaNg,  C,  N,  0 

2 

240 

PRESSURE,  CARBON  RESISTOR 

5 

47 

MAXIMUM  RATE  OF  DURR 

2 

683 

GAUGE,  QUARTZ,  STUDY,  UPSTREAM  OF  SHOCKED  HE 

5 

435 

HEATS  OF  FORMATION,  RDX.  TNT,  ... 

2 

388 
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HfcLNHOLTZ  FVER-ENHOY  CALCULATION.  HNS  6  751 

HCLHHOLT.*!  .NITAIILiTY,  20.  FLUIDS'  INTERFACE  4  305 

HINP  NOORL.  HE  CHAROE  INSIDE  Cu  CYLINDER  4  520 

HEMP.  2D  ELASTIC-PLASTIC  CODE,  DIVBROINO  WAVE  5  477 

HENRY  MODEL.  QURNEY  VELOCITY.  HE  CASING  7  834 

HYRRNANN  model,  compacted  porous  material  7  428 

PARAMETERS  FOR  5  POROUS  HEc  6  772 

HETFROOENBCJS  COMPOSITE  HE  <H.C.N.)  8  1011 

HETEROOCAEOUS  DETONATION  WAVE  PROPAGATION.  20  6  405 

HETEROGIiNEOUS  HE  REACTION  ZONE.  MODEL  7  841 

liSIEROOIlNEOUS  SHCCK-HEATING  EFFECT  8  78 

HCNATOL,  HBXOTONAL.  HEXOTOI.IF  DATA  8  513 

HENCGEN  WAX/IALLISTITE  aENERATOR,  DDT  7  157 

HGXOTOL.  lUBRLE  ENERG*.  UNDERWATER  EXPANSION  8  548 

HBXOTONAL.  BUSRLE  ENERGY. UNDERWATER  EXPANSION  8  548 

HIQII-DENSITT  INCLUSIONS.  SMALL  THERMAL  EFFECT  8  338 

HIGH-DENSITY  POLYTHENE  (HOPE)  BINDER  7  34 

HIOlt-ORDER  DETONATION.  ONSET  I  TRANSITION  3  517 

SURrACE  DISCONTINUITY  3  520 

HIOH-OXYOEN  HE.  D  VI  INITIAL  OINSIlY  1  28 

HIGH-SPEED  FRAMING  CAMERA.  IMPACT  INITIATION  3  10 

HIGH-SPEED  PARTICLE  INITIATION.  AZIDES  2  585 

HIGH-TEMP  DETONATOR  STUDY.  BTX  IN  SE-1  6  480 

HIGH-TEMP  EFFECTS,  TIME  TO  EXPLOSION  3  80 

HIDH-VEMP  THRRMOOYNAMICB  8  GAS20US  DETONATION  2  231 

HIGH-VACUUM  DETONATION,  SPECIES  SEPARATION  5  559 

HIGH-VELOCITY  METAL  JETR  8  318 

HMX.  30  hydrodynamic  HOT-SPOT  MODEL  8  44 

BUBBLE  ENERGY,  UNDERWATER  EXPANSION  6  548 

CHEMICAL  DECOMPOSITION  MODEL  7  Sd 

CJ  PROPERTIES,  OXYGEN  BALANCE  8  547 

CONFINEMENT  'NFLUENCC  ON  SENSITIVITY  7  988 

CONTENT,  EFFECT  ON  EXPLORIVENESG  8  1035 

CONVECTIVE  BURN  AT  HI ONER  PRESSURES  I  77 

CONVERGING  SPHERICAL  DETONATION  7  602 

Dlkm/i),  DENSITY  8  514 

DDT  MODEL,  TIGER  CODE  9  672 

DOT  PHENOMENA  IN  SMALL  DIAMETERS  7  107 

DDT  STUDY,  PLASTIC  TUBES  7  119 

DETONATION  TEMPERATURE,  PYROMETER  8  574 

DOPPLER  LASEk  INTERFERaiETER  STUDY  8  135 

EXPERIMENTAL  I  CALCULATED  CJ  PARAMETERS  6  713 

HMX/Xtl-F  CYLINDER  TEST  RESULTS  4  5 

HOT-SPOr  INIIlATION  7  398 

IGNITION  DATA  IN  DDT  7  217 

IMPACT  SENSITIVITY  AND  OB/100  3  674 

INTERSTITIAL  GAS  EFFIiCTS  ON  SENSITIVITY  S  247 

INTERSTITIAL  GAELS,  SENSITIVITY  4  349 

JET  PENETRATION  MODEL  8  337 

LAMINAR  TO  CONVECTIVE  BURNING,  DDT  7  184 

LASER  IGNITION  TEST  8  476 

HECHANICAL  PROPERTIES  8  637 

PARAMAGNETIC  DECOMPOSITION  PRODUCTS  8  734 

PARTICLE  SIZE  DISTRIBUTIOMS,  MICROGRAPHS  8  1038 

PARTICLE  SIZE,  EFFECT  ON  EXPLOSIVENESS  8  1035 

PERFORMANCE  MODEL  7  517 

PHYSICAL  PROPEATIES  7  33 

POLYMORPHS,  OIFFEPIHQ  SENSITIVITY  3  665 

POROUS  3ED  COMPACTION.  TTRAIN  RATE  8  845 

POROUS,  POP  Plot,  model  va  TEST  dATA  8  967 

PRECURSORS  IN  DETONATION  7  877 

QUASI-STATIC  COMPACTION  8  845 

RETARDED  DETONATION,  TRICKS  (CHICANERY)  6  2Z6 

HMX,  RUBBER-UONDED  SHEET  CX.-^LOSIVE  4  496 


HMX',  SELF -PRESSURIZING  BOMS  EXPERIMENTS  7  172 

SHOCK  IGNITION  CHARACTER I ST i OS  7  483 

SHOCK  INITIATION.  TESTS  AND  NOOBLB  8  89Z 

SPECTROSCOPIC  STUDY  OF  DETONATION  8  891 

STEADY-STATE  BURN  RATES  7  21? 

BURFACB  MELTING  CRYSTALS  RPFICT  ON  BURN  5  511 
TBMPtRF.TUSB,  MEASURED  AND  CALCULATED  8  33(1 
THERMAL  DBCOMPOtITION  AT  P  >  10-50  kbara  5  531 
THERMAL  INITIATION  AND  GROWTH  5  200 

TUN8ITBN-L0A0ED.  X- 0233, DETONATION  TBITS  8  979 
WEDGE  TUT,  SMEAR  CAMERA  RECORD  3  311 

X-RAY  AND  INFRARED  ITUDIES,  BONDI  7  779 

HHX-IAIED  CUB10MI2ED  EXPLOSIVES  7  588 

HMX-8ASED  PBXl,  EXPLOSIVE  RISPONIE,  AWRE  TEST  8  1035 
HHX/Al/VITON,  PERCHLORATEB,  CYLINDER  TESTS  5  140 

HNX/AP  MIXTURES,  COMPOSITE  HE  MODEL  7  517 

NONIDEAL  DETONATION  7  820 

HNX/BINDIRI,  EXPLOSIVBNESI  EFFECT,  LABSBT  8  1039 

EXPLOCIVENEB5,  LABSET  7  17 

HNX/IHIRT,  BSII  FITE  TO  TAYLOR  WAVES  8  833 

HMX/NC/CEF,  ELECTRON  REAM  INITIATION  7  53 

HMX/NO  8  HMX/TNT,  LIGHT  BMIIBION  TESTS  5  156 
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IN  SITU  CASTINO,  FLOW  MODEL  7  1072 

STUDIES,  FLOW  FIELDS  7  498 

LAORANOE  PARTICLES,  PHASE  TRAJECTORIES  8  201 

LAORANOE  SOUND  VELOCITY  7  791 

LAORANOIAN  10  FINITE  DIFFERENCE  CODE,  WONDY  7  394 
LAORANOIAN  20  MODEL,  CYLINDER,  LVO  IMPACT  5  313 
LAORANOIAN  2D  UNSTEADY  MODEL  OF  IMPACT  6  334 

LAORANOIAN  COORDINATES,  POROUS  HE  MODEL  7  442 

SLURRY  HE  MODEL  7  344 

LAORANOIAN  MESH  2D  CALCULATION,  INSTABILITIES  4  316 
LAORANOIAN  WAVE  PROPAOATION  MODELS,  NM  7  609 

LAME'S  CONSTANTS,  ELASTIC  STRAIN  RATE  4  296 

LAMELLAR  COMPOSITE  MATERIALS  (Al-Cu),  SHOCKED  6  151 
LAMINAR  REACTIVE  FLOW,  CONFINED  HE  7  958 

LAMINAR-CONVECTIVE  BURN,  POROUS,  CRYSTALLINE  7  164 
LAROE-CALISER  CHAROEB,  TNT,  NQ,  AN,  Al  8  577 

LAROE-SCALE  OAP  TEST,  CORRELATINO  OTHER  TESTS  7  880 
CRITICAL  DIAMETER,  TNT  5  207 

MODEL,  TEST  SETUP  7  480 

NSWC,  PENTOLITE/PMMA  6  768 

NUMERICAL  MODEL  5  477 

TATS  8  NMX  MD'turES  7  569 

LASER  BEAM  FLUX  CALCULATION  7  797 

LASER  BEAM  SHOCK  IN  SOLID  DEUTERIUM  5  361 

LASER  lONITION  TEST  8  473 

LASER  INITIATION,  INSENSITIVE  NlQH  EXPLOSIVE  6  612 
LEAD  AZIDE  CRYSTALS  7  735 

LASER  INTERACTION,  DAMAGE  TO  MATERIALS  6  613 

LASER  INTERFEROMETRY,  LINER  DEFLECTION  8  596 

LASER  SPECKLE,  TENSILE  STRENGTH  AND  STRAIN  8  635 
LASER- INITIATED  DECOMPOSITION,  SPECTROORAPHY  8  710 
LATERAL  EXPANSION,  PRANDTI.-MEYER  FLOW  6  602 

LATERAL  RAREFACTIONS,  OBLIQUE  IMPACT  EFFECTS  5  578 


LATERAL  SHOCK  PRESSURE  IN  CYLINDRICAL  CHARGE  4  92 

LATTICE  DISSOCIATION,  2D  SYSTEMS  7  781 

LATTICE  STRUCTURE,  CJ  PRODUCTS,  HIGH  DENSITY  2  405 
LAUE  BACK-REFLECTION  PHOTO,  RDX  CRYSTAL  7  978 

LAX  METHOD,  DISCONTINUITIES  IN  ID  HYDRKOOBS  3  615 
UNSTEADY  ID  FLOW  3  534 

LAYZER'S  SOLUTION,  ACCELERATION,  2  FLUIDS  4  305 
LEAD  AZIDE,  S,  LASER  INITIATION  7  735 

CJ'  DEFLAGRATION  MODEL,  DDT  STUDY  6  244 
CRYSTAL  SIZE  EFFECTS,  SIZE  EFFECT  2  561 

DDT  STUDY  1  60 

DECOMPOSITION  REACTION  2  529 

DEFLAGRATION  IN  SINGLE  CRYSTALS  5  301 

ELECTRIC  FIELD  INITIATION  6  390 

ENVIRONMENTAL  SHOCK  TEST  3  24 

FAST  BURNING,  IMPACT  MACHINE  3  10 

NIGH-VACUUM  DETONATION  5  561 

HOT-WIRE  INITIATION  5  339 

HUOONIOT  8  SHOCK  INITIATION,  OUN  6  389 

LINEAR  MEMORY  EFFECT  3  47  ' 

PRECIPITATED  W/  POLYVINYL  ALCOHOL  2  711 

LEAD  OXIDE  EFFECT  IN  RDX/TNT  5  465 

LEAD  SPREAD  ORIENTATION  EFFECT  IN  TESTS  7  1065 

LEAD  STYPHNATE,  BURN  RATE,  SENSITIVENESS,  Q  2  651 
DDT  STUDY  1  60 

HOT-WIRE  INITIATION  5  339 

LASER  INITIATION  STUDY  8  710 

LEAST  SQUARES  METHOD,  RATE  STICK  TESTS  2  131 

LBNNARD-JONES  PARAMETERS,  CALCULATED  VELOCITY  2  237 

LBNNARD-JONBS-DEVONBHIRE  EOS,  GAS  8  LIQUID  1  108 

LBNNARD-JONES-DEVONBHtRB  FREE-VOLUME  EOS  2  389 

LIAHOV  EQUATION  FOR  SLURRY  HE  DENSITY  7  346 

L1F  EFFECT  OH  COMP  B'S  ACCELERATION  OF  METAL  6  510 

L1F,  MATERIAL  PROPERTY  VALUES  8  65 

LIF-HE  INTERFACE  DETONATION  PRODUCTS  8  133 

LIGHT  EMISSION,  COMPRESSED  OAS  AROUND  CHARGE  3  203 

INITIATION  OF  LIQUID  HE  5  153 

LIGHT  INITIATION  OF  CRYSTALLINE  AZIDES  2  547 

LIGHT  INTENSITY  AT  CHARGE-PERSPEX  INTERFACE  4  431 

LIGHT  PATTERNS  IN  POWDER  8  PLASTIC  HE,  PHOTOS  6  422 

LIGHT  PIPE,  DETECTORS  OF  HOT-WIRE  INITIATION  5  340 

LIGHT-GAS  GUN  EXPERIMENTAL  SETUP  6  16 

LIGHT-GAS  GUN,  MULTIPLE  SMOCKS  TO  TNT  7  907 

SUPRACOMPREBSION,  TATS  EOS  8  587 

LIGHT-SCATTERING  PRMESSBB,  SCHEMATIC  7  1011 

LINEAR  BURN  RATE,  THEORY  8  CALCULATION  3  655 

LINER  DEFLECTION,  SYMMETRIC,  INTERFEROMETER  8  596 

LINER  VELOCITY  VI  POLAR  ANGLE, PINS  IN  SPHERES  6  524 

LINER  VELOCITY,  INTERFEROMETER  DATA  8  597 

LIQUID  HE,  36  NEW,  CHARACTERIZATION  STUDY  6  466 

CAVITATION  EFFECTS  7  373 

DECOMPOSITION,  THERMAL  EXPLOSION  6  29 

DETONATION,  HOT  SPOT  MODEL  8  678 

INITIATION  8  GROWTH  OF  DETONATION  3  436 

NM  FAILURE  PROCESS  2  462 

SENSITIVENESS,  m  X  Q  2  699 

SENSITIVENESS,  Q,  m  2  648 

LITHIUM  NIOBATE  PRESSURE  TRANSDUCERS, AQUARIUM  7  1016 

LOGOSPHERE  EXPLOSIVE  DEVICE,  SETUP  6  152 

LONG  PRESSURE  PULSES,  102inn  GUN  TESTS  8  11 

LOW  DETONATION  VELOCITY,  HMX/AP/Al  7  620 

LOW-AMPLITUOL  SHOCK  INITIATION  (LASI)  TEST  7  285 

LOW- AMPLITUDE  SHOCKS,  HOT  SPOTS  7  973 

LOW-DENSITY  EXPLOSIVES,  D,  P,  CJ  CONDITIONS  5  47 
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LOW-DENSITY  KS  lYITENt  (<0.2S  g/em^) 

<*1 

las 

MACH  BRIDQE,  WHIYHAM'S  METHOD  MODIFIED 

4 

142 

LOW-ENERQY  LASER  INITIATION,  LEAD  AZIDE 

7 

735 

MACH  BRIDQE, INTERACTING  TWIN  SPHERES  IN  WAVEk 

5 

585 

LCW-IHPACT  TESTS,  HOT  SPOTS  OENERATSD 

7 

971 

MACH  DETONATION  HAVES 

1 

40 

LOH-OPDBR  DECOMPOSITION  (PYHPATHBTIC  DET) 

3 

520 

MACH  DETONATION  WAVES,  FORMATION  CONDITIONS 

4 

135 

LOW-ORDER  DETONATION,  CAVITATION,  NO/EODN 

3 

451 

MACH  INTERACTION,  CRITICAL  ANGLE 

6 

498 

EARLY  HISTORICAL  WORK 

3 

7aA 

TWO  PLANE  OkTONATION  WAVES 

4 

142 

RAPID  BURN, STEADY  STATE 

3 

A07 

MACH  PHENOMENA,  CONTINUOUS  OBSERVATION 

8 

431 

TNT,  PARTICLE  SIZES 

2 

479 

TWO  INTERACTING  WAVES 

4 

138 

LOW-ORDER  INITIATION,  RETONATION,  COMP  S 

3 

833 

MACH  REFLECTION,  AIR  SHOCK  AFTER  IMPACT 

8 

1075 

VELOCITY  VI  NASS 

6 

328 

CONDENSED  EXPLOSIVE 

4 

154 

LOW-ORDER  REACTIONS  IN  SHOCKED  EXPLOSIVES 

4 

4A2 

CLTONATION  WAVES 

7 

669 

LOW-PRESSURE  EFFECT  IN  DDT 

7 

143 

DIAGRAMMATIC  SKETCH 

1 

80 

LOW-PRESSURE  HUGONIOTS  OF  SOLID  EXPLOSIVES 

4 

239 

IRON 

4 

153 

LOW-PRESSURE  POINTS  ON  ISENTKOPES  OF  HE 

3 

38A 

OBLIQUE  MOW  AC:<OBS  OHOCK 

6 

S71 

LOW-VELOCITY,  ID  IMPACT  ON  SHOCKED  SOLID  HF 

4 

239 

OF  DETUNATION  WAVES 

7 

796 

IMPACT  INITIATION,  ANVIL  TEST 

4 

473 

MACH  STEM,  IN  WATER,  PARAMETERS,  DATA  8  MODEL 

6 

382 

IMPACT,  SUSAN  TEST 

4 

477 

ZERO  1  NONZERO  GROWTH  ANGLES 

6 

574 

NONOETONATIVE  EXPLOSION 

7 

248 

MACROKINETICS  EQUATIONS  OF  DE'JOMPOSIYION 

7 

362 

LUCITE,  SHOCK  VELOCITY  VI  SHOCK  PRESSURE 

3 

372 

MAGNfSIUM,  ELASTOPLASTIC  RELEASE  AT  SO  kbar 

4 

290 

LUMINOIITV,  DETONATION  FLAMES 

2 

571 

MAWWiriC  A  ELECTRIC  FIELDS  IN  DETONATION 

3 

844 

RADIATION  ENERGY,  FOR  DETONATION 

1 

15 

MAGNETIC  FLUX  COMPRESSION  GENERATOR  SOURCE 

7 

746 

LUMINOSITY-TIME  CURVES, DETONATION  TEMPERATURE 

2 

158 

MAGNETIC  PROBE  DATA,  PARTICLE  VELOCITIES 

7 

534 

LVO,  (LOW  VELOCITY  DETONATION),  CAVITATION 

7 

373 

MAGNETIC  PROBE  MEASURE  OF  PARTICLE  VELOCITIES 

6 

637 

CONDENSED  HE 

A 

344 

MANGANIN  GAUGE,  MULTIPLY  EMBEDDED 

G 

21 

DDT  STUDY 

A 

250 

PRESSURE  RECORDS,  DIMPLE  TEST 

8 

1CB5 

CAB  EFFECTS 

i 

582 

RECORDS,  LOW-ORDER  DETONATION 

6 

330 

HVD  IN  LIQUID  HE,  CARD  QAP  TEST 

4 

412 

SETUP,  LOW  RESISTANCE 

7 

386 

HVD  IN  UREAPERCHLORATE  MIXTURES 

6 

450 

SETUP,  RECORDS 

6 

625 

LIQUID  HE,  CAMERA 

4 

117 

HANSOORI -CANFIELD-ROSE  PROCEDURE,  POLYATOMIC 

7 

648 

METHYL  NITRATE 

S 

2A7 

MAPPING  FAILURE  HAVES  IN  LIQUID  HH  DETONATION 

5 

115 

NQ-EOON,  CASED 

5 

81 

NASS  FRACTION  CONTOURS,  FROM  2DE  IRODEL 

8 

314 

NITROMETHANE 

7 

575 

PSX  9502,  CORNER 

8 

59 

NM,  WINDOWS 

4 

12A 

MASS  FRACTION  PROFILES,  X-0219  III  AIR,  2D 

6 

411 

SCREENINO  TEST 

6 

470 

MASS  MOTION  IN  DETONATION  PRODUCTS  (ASM) 

5 

447 

WALL  EFFECTS 

4 

117 

MASS  POINTS  IN  HE,  MARKED,  X  RAYS,  ANALYSIS 

5 

3 

WALL  EFFECTC 

4 

12A 

MASS  RATE  OF  COMBUSTION,  SENSITIVENESS 

2 

643 

WAVE  STABILITY,  TESTS 

S 

81 

NASS  SPECTROMETER,  DETONATION  PRODUCTS 

8 

701 

WITNESS  PLATES 

6 

473 

MATRIX  PROPERTIES,  SHUCK  SENSITIVITY 

5 

182 

LX-04,  -07  CYLINDER  TEST  RESULTS 

4 

5 

MeSKIMIN  PHASE  COMPARISON  TECHNIQUE,  TRANSIT 

6 

398 

CURVATURE  RADIUS  EFFECTS 

4 

88 

MECHANICAL  PROPERTIES, EFFECT  ON,  EXPLOSIVENESS 

8 

1037 

LOW-VELOCITY  IMPACT  SENSITIVITY,  PINCH 

4 

478 

MEDINA,  IMPACT  SENSITIVITY  AND  08/100 

3 

674 

MEASURED  DETONATION  PRESSURE,  AQUARIUM 

S 

AS 

MELAMINE,  COMPACTION  IN  POROUS  BED9 

7 

843 

THERMAL  DECOMPOSITION  OF  CONFINED  HE 

6 

214 

MELT  KETTLE  DESIGN,  HOMOGENEOUS  HE  CHARGES 

2 

121 

UNDERWATER  SHOCK-TO-BLIRN  TESTS 

4 

489 

MEMORY  EFFECT,  THERMAL  INITIATION 

3 

42 

LX-OQ,  MEASURED  DETONATION  PRESSURE,  AQUARIUM 

S 

A5 

MERCURY  FULMINATE,  BURN  RATE,  Q,  m  K  Q 

2 

651 

LX-07,  CYLINDER  TEST  RESULTS,  Z-ln.  DIAM 

5 

140 

CONTACT  FILM  RECORD 

3 

10 

EOS  ABOVE  CJ  PRESSURE 

e 

587 

DEFLAGRATION  BEFORE  DDT 

1 

58 

MEASURED  DETONATION  PRESSURE,  AQUARIUM 

5 

AS 

LASER  INITIATION  STUDY 

8 

710 

LX-10,  CYLINDER  TEST  RESULTS,  2- In.  DIAM 

■1 

140 

MERCURY  INTRUSION  POROSIMETRY,  TATS 

8 

3 

MEASURED  DETONATION  PRESSURE,  AQUARIUM 

S 

A5 

MESH-INITIATED  DETONATOR,  MFO  AS  SOURCE 

7 

746 

THERMAL  DECOMPOSITION  OF  CONFINED  HE 

A 

214 

METAL  (AL)  FOILS,  ELECTRICALLY  EXPLODED 

6 

653 

LX-U,  CJ  ADIABATS,  HUGONIOTS 

a 

504 

METAL  ACCELERATION  BY  CHEMICAL  EXPLOSIVES 

4 

3 

DYNAMir  HIQH-RESOLUTICN  TESTS 

a 

A13 

METAL  ACCELERATION  BY  COMPOSITE  HE 

5 

137 

POSTDETONATION  BEHAVIOR  THEORY 

a 

501 

METAL-SEMICONDUCTOR  SLOCKING  CONTACT,  E  LEVEL 

6 

391 

LX-17,  2D  IGNITION  MODEL,  CORNER  TURNING 

7 

488 

METALLURGICAL  PROPERVIES,  SHCCK  PROPAGATION 

4 

295 

CALCULATED  I  TEST  PARTICLE  VELOCITIES 

7 

1034 

METHYL  NITRATF  A  MIXTURES,  OETONABILITY 

5 

267 

EOS  AROVE  CJ  PRESSURE 

a 

587 

METHYL  NITRATE,  SUGN  RATE,  SENSITIVENESS,  Q 

2 

651 

TATS  COMPOSITIONS,  INITIATION  STUDIES 

a 

1045 

DILUENT  EFFECT  ON  NM 

7 

583 

H29  1  N47  DETONATORS,  .  VA  LEAD  AZIDE 

2 

712 

METHYL  NITRITE,  SHOCK  INITIATION,  GAP  TEST 

5 

237 

M30  A1  BURN  RATE 

7 

899 

METHYL-5-NITRAZOLE  (1-MNT)A(2-MNT),  DDT  STUDY 

6 

231 

M30,  CHEMICAL  REACTION,  FRACTURE  RESULT 

a 

243 

METNYLNITRAMINE,  MOLECULAR  GEOMETRY, AS  INITIO 

8 

828 

MA,  LIQUID  HE,  CHARACTERIZATION 

A 

4A7 

MF,  LIQUID  HE,  CHARACTERIZATION 

6 

467 

MACEK'S  MODEL,  MODIFIED,  FOR  DDT  IN  CAST  HE 

A 

23A 

MFONB,  LIQUID  HE,  CHARACTERIZATION 

6 

467 

MACH  BAIDUE,  CRITICAL  ANCLE,  SHOCK  WAVES 

A 

489 

MFF,  LIQUID  HE,  CHARACTERIZATION 

6 

467 
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MICNELSON-REYLAIN  LINE,  P-V  PLANE  7  791 

MICKrttALLOONI,  EMULSION  HE,  PERFORMANCE  S  993 

NG.  INITIATION  EFFECTS  3 

HICROCRACKS  IN  CA;jT  HE,  SURN  RATE  EFFECT  7  904 
MIQROORAPHS,  SHEAR  AND  FRACTURE  DAMAGE  B  297 

MICROHARDNESS  STUDY,  RDM,  DEFORMING  HOT  SPOTS  7  976 
HICROFTRUCTURB  EFFECT  ON  SENSITIVITY  A  26 

MICROWAVE  INTERFEROMETER,  WAVE  FORM,  TNT  3  147 

MICROWAVE  INTERFEROMETRY  TECHNIOUEI  4  5S4 

MICROWAVE  INTERFEROMETRY  TBCHNIOURS  B  48S 

MICROWAVE  TECHNIQUE  FOR  DETONATION  VELOCITIES  2  151 
MICROWAVE  VELOCIHETGR,  HE'FILLED  WAVEGUIDE  2  151 

MIE'GRUNEISEN  EOS,  DETONATION  PRODUCTS  5  67 

HE  I  DETONATION  PRODUCTS  7  362 

SHOCK  LOADING  Cu  t  U  5  554 

THEORY  4  205 

UNBURNED  MATERIAL  5  196 

MILITARY  EHPLOIIVES,  IMPACT  INITIATION  2  612 

MIHIMUM  PRIMING  CHARGE  TEST,  CORRELATIONS  7  688 

MININUM  DETONATOR  TEST  FOR  SENSITIVENESS  2  602 

MINIMUM  PRIMING  CHARGE  TEST,  ASSEMBLY  7  698 

MODEL  7  479 

MODEL  B  954 

PROPELLANTB  8  285 

MINIMUM  SHOCK  PRESSURE  TO  START  REACTION  6  3 

MINIMUM  SHOCK'LOADED  SURFACE  AREA  7  316 

MINOL,  LOW'ORDER  REACTION6**RGACTION  ZONE  4  462 

HIN0L>2,  CURVATURE  EFFECT  ON  SHOCK  WAVE  1  99 

MINER  CIRCUIT,  CAPACITORS  I  RESISTORS,  D  2  139 

MODEL  OF  30  SPINNING  DETONATION  WAVE  FRONT  4  74 

MOLECULAR  DYNAMICS  (MD),  DIATOMIC  NTAL5  8  864 

ENOTHERMIC  NTALS  8  870 

MOLECULAR  DYNAMICS  METHODS  7  777 

MOLECULAR  DYNAMICS  METHODS  7  789 

MOLECULAR  DYNAMICS  SIMULATIONS,  Nj  6  CO2  6  531 

MOLECULAR  DYNAMICS,  VCZ  EOS  7  721 

MOLECULAR  INITIATION,  BUCKINGHAM  POTENTIAL  7  716 

SECONDARY  ENPLOSIVES  7  65 

MOLECULAR  KINETICS,  V  I  P  DEPENDENCE  6  305 

MOLECULAR  ORBITAL  CALCULATIONS,  AB  INITIO,  HE  8  827 

MOLECULAR  SUBIGNITION,  UNDERWATER  SHOCK  8  725 

MONEL  BOMB  WALLS,  HF-PROOUCINU  HE  7  942 

MONOMETHYLAMINE  NITRATE  (MMAN)  SENSITIVITY  7  373 

MONOMODAL  CAST  PBK  FORMULATIONS,  RDX  8  903 

MONOMOLECULAR  DECOMPOSITION  6  306 

monopropellant,  card  gap  sensitivity  test  3  822 

REACTION  MODEL  7  317 

MONTE  CARLO  AND  THEORETICAL  ISOTHERMS  8  523 

MULTI-INITIATOR  EXPLOSIVE  INITIATION  7  671 

MULTILAYERED  SHIELDS,  IMPEDANCE  VARIATIONS  8  1143 

MULTIPHASE  DETONATION,  FUEL-AIR  7  799 

MULTIPLE  FLASH  GAP,  DETONATION  PRESSURE  7  409 

MULTIPLE  LAGRANGE  GAUGES,  CONDENSED  HE  7  1072 

TNT  6  786 

MULTIPLE  SHOCK  CALCULATIONS  FOR  PBX  9404  8  1063 

MULTIPLE -EXPOSURE  IMAOE-INTENSIFIER  CAMERA  6  664 

MULTIPLE -GAUGE  STUDIES,  IN  SITU  BMV  SYSTEMS  7  1062 

MULTIPROBE  DETONATION  BUILDUP  TEBYS  5  249 

MULTIPROFILE  STREAK  TECHNIQUE,  WH  SYMMETRY  7  751 

MULTISTREAK  CAMERA  RECORD,  SHAPED  CHARGE  8  464 

MULTISTREAK  TECHNIuUE,  DETONATION  FRONT  8  330 

MUNITIONS  ACCIDENTS,  ANALYSIS  AND  TESTS  8  211 

MUNITIONS,  PROPAGATING  DETONATION  MODEL  7  1055 

MUNROE  JET,  FORMATION  t  EQUILIBRIUM  IN  X  RAY  4  644 
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MURNAOHAN  EOS  AND  EXPONENT  7  503 

HURNAGHAN  BOS,  CONSTANTS  FOR  C-7,  A(,  Cu,  Au  4  279 
NS  POWDER,  POLARIZATION  A  RELAXATION  SIGNALS  6  145 
NB-40,  EXPERIMENTAL  vt  COMPUTED  HUQONIOTS  6  772 
NC,  DETONATION  CHARACTERISTICS  5  47 

EFFECT,  CHEMICAL  DECOMPOSITION  7  58 

MECHANICAL  PROPERTIES,  DROP  WEIGHT  8  642 

NONDETONABILITY  THRU  TRANSITION.EXPLAINEO  3  636 

NC/NG  DETONATION  CHARACTERISTICS,  LOW  DENSITY  5  47 

NF2  CALORIMETRY  STUDIES  7  940 

NO,  SKW  MODEL  8  PERFORMANCE  DATA  3  728 

BUBBLE-FREE,  LOW  SENSITIVITY  3  455 

BURN  RATE,  SENSITIVENESS,  Q,  tn  X  Q  2  651 

CJ  PROPERTIES,  OXYGEN  SALANCE  8  547 

DETONATION  FLAMO  ANALYSIS  2  573 

HIGH-  A  LOW-VELOCITY  DETONATION,  AERATION  2  582 
LIGHT  EMISSION  IN  INITIATION  5  153 

POLARIZATION  A  RELAXATION  6  144 

RADIANCE,  DETONATION  TEMPERATURE  7  762 

SENSITIVENESS,  m  H  Q  2  699 

SENSITIVENESS,  Q,  m  2  648 

STREAK  CAMERA  RECORD,  5.2-DtAM  CYLINDER  3  814 
TIME  DELAY  VI  TEMP  RECIPROCAL  3  68 

NO/EGDN,  GAP  TEST,  CAMERA  RECORD  3  440 

LOW-VELOCITY  DETONATION  4  117 

LVO  A  HVD  IN  LIQUID  HE,  GAP  TEST  4  412 

NG/EGON/TA,  SHOCK  SENSITIVITY  GAP  TEST  DATA  4  416 

NIP  MODEL,  PLANE  WAVE  DRIVING  PLATE,  SPALL  4  538 

NITRAMINB  DECOMPOSITION,  EPR  SPECTRA  8  734 

NITRAMINE  PROPELLANTS,  GAS  PHASES  IN  DDT  7  217 

NITRAMINES  A  NITRAMIDES,  SENSITIVITY  TESTS  3  673 

NITRAMINES,  ELECTRONIC  STRUCTURE  7  65 

IMPACT  SENSITIVITY  vi  OB  3  696 

NITRATE  ESTER  (iq.),  THRESHOLD  V,  BURN  RATE  6  119 

NITRIC  ESTERS,  ELECTRONIC  STRUCTURES  7  65 

NITRIC  OXIDE,  CJ  PROPERTIES,  OXYGEN  BALANCE  8  547 

DETONATION  CHARACTERISTICS  6  723 

DETONATION  PROPERTIES  8  422 

DETONATION  VELOCITIES  8  538 

POSTDETONATION  PROPERTIES  7  647 

STATIC  HIGH  PRESSURE  STUDY  8  715 

NITROALIPHATIC  COMPOUNDS,  SENSITIVITY  VI  OB  3  696 

NITROALIPHATIC  HE,  HEATS  OF  DETONATION  6  320 

THERMAL  DECOMPOSITION  5  331 

IMPACT  SENSITIVITY  A  OB/100  7  87 

NITROAROMATIC  COMPOUNDS,  OB/100.  SENSITIVITY  3  680 

NITROAROMATICS,  ELECTRONIC  STRUCTURE  7  65 

NITROGEN,  EQUIVALENT  EQUATION  8  1011 

ISOTHERMS  AND  HUGONIOT  8  534 

TEST  A  CALCULATED  HUGONIOT  8  551 

NITROHETEROCYCLES,  AMMONIUM  SALTS  7  801 

NITRONYL  NITROXYL  RADICAL,  DECOMPOSITION  8  740 

NITROSOL,  DENSITY, SHOCK  A  PARTICLE  VELOCITIES  4  241 

NM  A  NM/TNM  GAP  TEST  RESULTS,  SENSITIVITY  4  417 

NM  A  NM/TNM,  BKW  MODEL  A  PERFORMANCE  DATA  3  728 

NM,  2DE  MODEL,  FAILURE  A  SHOCK  INITIATION  5  177 

AQUARIUM  TESTS,  PHOTOS  OF  FAILURE  WAVES  5  115 

SRIGHTNESS  TEMPERATURES  7  1000 

RUBBLE  ENERGY,  UNDERWATER  EXPANSION  6  546 

CAVITATION  SENSITIVITY  7  373 

CJ  PROPERTIES,  OXYGEN  BALANCE  8  547 

CONDUCTIVITY  PROFILES,  C  PRECIPITATION  4  500 

CYLINDER  TEST  RESULTS  4  5 

NM,  DARK  WAVE  STRUCTURE,  CAMERA  RECORDS  5  170 
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NM,  DECOMPOSITION  KINETICS  &  95 

DECOMPOSITION,  KAMLET'S  HETHOD  6  9f 

DETONATION  PRBC5URG  DATA  7  531 

DETONATION  TEMPERATURE,  PYROMETER  8  558 

DETONATION  TEMPERATURE,  TEWT  SETUP  8  569 

DETONATION  VELOCITY  MEASUREMENTS  5  41 

DIAMETER-EFFECT  PARAMETERS  6  647 

'  DILUENT  EFFECT  ON  DETONATION  7  583 

DINA,  TNT,  DITHEKITE,  SHOCK  INITIATION  3  469 

EARLY  RESEARCH  3  789 

EOS  CONSTANTS  7  619 

ENPBRIMBNTAL  8  CALCULATED  CJ  PARAMETERS  6  713 
EXPERIMENTAL  DETONATION  VELOCITY  DATA  5  74 

FAILURE  DIAMETERS,  ILITIAL  TEMPERATURES  5  102 

FAILURE  WAVES,  FOILS,  TRANSIENT  WAVES  3  791 

FAILURE,  RAREFACTION  COOLING,  2D  MODEL  6  405 
TREE-SURFACE  VELOCITY  DATA  7  537 

INTERMAL/EXTERNAL  VELOCITY,  CAMERA  RECORD  3  47:^ 
LIGHT  EMISSION,  EST.  INOTK  TEMPERATURES  5  153 
LIGHT  EMITTED  FROM  REACTION  ZONE  4  604 

LIOUID  DILUENTS  EFFECT  ON  PROPAGATION  6  133 

LVD  ]>  HVO  IN  LIQUID  HE,  CARO  GAP  TEST  4  412 

MIXTURES,  PROPERTIES  7  584 

POLARIZATION  8  RELAXATION  SIGNALS  6  144 

PREDICTED  TIMES,  REACTION  ZONES,  E,P,V  4  395 

RADIANCE  AND  DETONATION  TEMPERATURE  7  762 

REACTION  pathways  IN  SHOCK  INITIATION  8  055 

SENSITIVITY  CAVITATION  EFFECT  7  374 

SHOCK  COMPRESSION  THROUGH  INERT,  DDT  3  813 

SHOCK  INTERACTION  WITH  DISCONTINUITIES  4  386 

SHOCK  WAVE  GROWTH  MODES  6  47 

STABLE  LOW-VELOCITY  DETONATION  WAVE  7  575 

STRONO  DETONATION  WAVES  0  425 

TEMPERATURE  8  DIAMETER  EFFECTS  2  454 

TEMPERATURE  BEHIND  SHOCK, RAMAN  SCATTERING  7  1010 

TEMPERATURE  EFFECTS,  GAP  TEST  5  237 

THERMAL  DECOMPOSITION  AT  P  >  10-50  kbart  5  331 

THRESHOLD  VELOCITY,  BURN  RATE  6  119 

TIME-RESOLVED  EMISSION  7  9?3 

UNIMOLECULAR  DECOMPOSITION  8  828 

VELOCITY-DIAMETER  RELATION,  MODI-L  7  589 

NH-CARBORL'NDUM,  INHOMOGENEOUS  MIXTURE. EFFECTS  3  512 

NM-TNM  MIXTURES,  LOW  8  HIGH-Vt-LOCITY  WAVES  4  126 

NM/ACETONE  DETONATIONS,  FINE  STRUCTURE  7  958 

NM/ACETONE  MIXTURES, WALL  TRACES  OF  DETONATION  5  105 

NM/ACETONE,  TRIPLE-POINT  TRAJECTORIES  5  126 

NH/PHMA/Al,  CELLULAR  STRUCTURE  OF  DETONATION  6  124 

NM/8IO2  VELOCITY/DIAMETEH  RELATION,  MOCEL  7  509 

NM/TIIH  MIXTURES,  DETONATION  WAVE  TEMPERATURES  7  768 
NO2,  MOLECULAR  EXCITATION  ENERGIES  7  100 

NOL  GAP  TEST,  MCOEL  8  233 

NOL  LARGE-SCALE  CARD  GAP  TEST  7  265 

NOL  LARGE-SCALE  GAT'  TEST,  MODIFIED  (LAS I )  7  285 

MODIFIED  (HOT)  7  300 

NOL  SHOCK  SENSITIVITY  TEST,  SHOCK  PRESSURE  3  584 

NOL  SMALL-SCALE  GAP  TEST  REPLACEMENT  7  924 

NONA,  INITIATION  THRESHOLD,  HIGH  Tq  6  44 

SHOCK  HUGONIOTN  8  INITIATION  THRESHOLD  5  219 

NONDETONATIVE  EXPLOSIONS,  CONFINED  CHARGES  7  2<7 

H6  8  PBXU-109  7  308 

VENTING  EFFECT, MODEL  7  175 

NONDIKEMnONAL  PROFILES,  NONIDEAL  DETONATION  8  1029 

NONEQUILIBRIUM  FLOW,  WAVE  PROPAGATION  7  795 

HONEQUI LIBRIUM  IN  SHOCK  COMPRESS  I  ON  ZONE  7  789 


NONEQUILIBRIUM  MOLECULAR  DYNAMIC  METHOD  U  680 

NONIDEAL  ID  DETONATION  WAVES,  MODEL  8  1025 

NONIDEAL  BEHAVIOR,  HMX/AP/A1  PROPELLANT  7  620 

NOHIDEAL  DETONATION,  ANFO  MIXTURES  3  309 

C.E.E.  20  MODEL  7  695 

EMULSION,  MODEL  8  1069 

KINETIC  LATTICE  MODEL  6  344 

LATERAL  EXPANSION  4  107 

N0NLAMIA>AR  FLOW  El  FBCV8  IN  OASES  4  TO 

NONRBACTIVE  RAREFACTION  FAN  SOLUTION  8  1027 

NONSTATIDNARV  DITONATION  WAVES  IN  OASES  1  45 

NONSTEAOY  IRHAVIOR  AND  RATE,  EOS  MODEL  7  703 

NONSTSADY  DETONATION,  REVIEW  3  764 

NONBTEADY  EFFECTS,  LIQUIDS  8  SINGLE  CRYSTALS  3  791 

NONSTEAOY  STATE  DETONATION  VELOCITY, MICROWAVE  2  151 
NOVA  MODEL,  GUN  INTERIOR  SALLIBTIOS  CODE  7  850 

NOZZLE  CONCEPT,  LONG  CYLINDRICAL  CtlARGES  2  759 

NOZZLE  THEORY  (H.  JONES),  DIAMETER  EFFECT  3  342 

NOZZLE  THEORY,  10  MODEL,  SLURRY  .8  168 

REACTION  RATE  OF  TNT/NaNOs  2  519 

NO,  3D  HYDRODYNAMIC  HOT-SPOT  MODEL  8  44 

BOND  LBNOTHS,  CRYITALLOQRAPHIC  DATh  B  841 

CJ  PROPERTIES,  OXYQEM  RALANCE  8  547 

DIRECT -CONTACT  lENIITIVITY  TEST  4  404 

ELECTRON  DENSITY  DISTRIBUTION  ANALYSIS  8  839 

kUTECTIC  COMPOSITE  EXPLOSIVES  7  803 

GAS  PUCKETS  IN  LOW-VELOCITY  DETONATION  2  584 

RETARDED  DETONATION,  TRICKS  (CHICANERY)  6  226 

SYMPATHETIC  DETONATION  OF  AP  6  173 

NO/AP  COMPOSITES,  DETONATION  PARAMETERS  6  178 

NUCLEAR  WEAPON  SIMULATION  WITH  TNT  TEST  8  418 

NUMERICAL  CODFI,  ID  t  2D,  ALONG  WITH  TESTS  4  519 

2D,  UNSTEADY  FLOW  4  527 

O-NITROANISOLE,  SHOCK- INDUCED  ELECTRIC  S'UNAL  5  387 

OB/ICO,  OXIDANTS  IN  SENSITIVITY  RELATIONSHIPS  J  671 

OBLIQUE  DETONATION  WAVES  INTERACTING,  IRON  4  153 

OBLIQUE  IMPACT,  LARGE  CHARGES  5  296 

METAL  PLAVB  ON  EXPLOSIVE  4  381 

OOLIOUE  CHOCK,  DETONATION  WAVE  PERPENDICULAR  6  602 

INITIATION  OF  PELLETS  3  791 

OCTOL,  CHEMICAL  DECCMPQSITION  MODEL  7  56 

CYLINDER  TE6T  RESULTS  4  5 

DENSITY,  SHOCK  A  PARTICLE  VYLOCITIES  4  245 

DIAMETER-EFFECT  PARAMETERS  6  647 

JET  (EHPFRATUPEC,  Ir  RADIOMETER  6  6V1 

LOW-ORDER  EXPLOSIONI  AFTER  IMPACT  6  328 

LUW- PRESSURE  POINT  ON  ISENTROPE  3  381 

NONDETONATIVE  EXPLOSIVE  7  248 

PLEXIGLAS  MONITOR,  SHOCK  VELOCITY  5  23 

OCTQl-A,  -B,  THERMAL  INITIATION  8  GROWTH  5  280 

GKLMTH  OF  REACTION  6  290 

ONk-D>MEN$IONAL  BTBADV  DETONATION  WAVE  MODEL  5  24 

ONE-DIMENSIONAL  TIME  TO  EXPLOGION  (OOTX)  TEST  7  56 

ONE-FLUID  v-^  dtr  Waali  MIXTURE  MODEL  7  646 

OPEN  CAMERA  DETONATION  LIGHT  RECCRDS,  NM  5  116 

OPTICAL  FIBER/PHOTOCELL  DDT  TUBE  7  12U 

OPTICAL  PROPERTIES  OF  DETONATION  WAVES  5  513 

OPTICAL  REGION,  HOMOGENEOUS  HE  CYLINDERS  5  515 

OPTICAL  SYSTEM,  VISAR/EHISSION  MEASURED  8  17 

OPTICAL  TECHNIQUE,  UETONATIOIJ  FRONT  TEMP  7  755 

OPTICS,  DETONATION  WAVE  GENERATORS  5  513 

MULT  I  FRAME  MICRUSCOPE  PHOTOGRAPHY  2  172 

OPTO-ELECTRONIC  PLASTIC  OPTICAL  FIPER  8  465 

3RVIS  VELOCIMETER  7  1084 
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OSCILLOGRAMS,  INERT-HE  VELOCITY,  U(t>  6  30 

OSCILLOGRAMS,  SHOCK-INDUCED  POLARIZATION  6  US 

OSCILLOGRAPH  VS  LIGHT  ABSORPTiON,  SHOCK  FRONT  2  22S 

OSCILLOSCOPE  RECORDS,  DROP  WEIGHT  TEST  OUTPUT  6  292 

OCCILLOSPOPE  TRACES,  SHAPED ‘CHARGE  TEMP  6  696 

OTTO,  LIQUID  HE,  CHARACTERIZATION  6  467 

OVERDRIVEN  AND  MACH  REFLECTION  OF  WAVES  f  796 

OVERDWIVGN  DETONATIONS,  SETUP  FOR  NM  A  42S 

OVERDRIVEN  EKPLOitVEE,  SHOCKED  STATES  S  533 

OVERDRIVEN  PRESSURE.  DECREASES  TO  CJ  POINT  1  56 

OKIDANT  BALANCE,  OS/IOP,  DECOMPOSITION  6  312 

IMPACT  HE.’QHT,  SENSITIVITY  3  671 

OKYOEN  BALANCE,  IMPACT  SENCITiiVITY  3  693 

OB  EKPLOSIVE,  PARTICLE  SIZES  B  1011 

PLASMA,  DETONATION  VELOCITY  3  192 

SOLID  CARBON  (Cl  EOS)  8  809 

OKYOEN  RATIO  EFFECT  ON  DCTONATiON  FRONT  7  768 

OKYOEN -BALANCED,  •DEFICIENT  CHNO  EXPLOSIVES  6  548 

P  2100  B,  BALLISTIC  CLASSIFICATION  8  626 

P-V  DIAGRAM  FOR  STEAD),  ID  OZONE  DETONATION  4  69 

PALLET  FIRES,  SINGLE  AND  MULTIPLE  SHELLS  8  214 

PARALLEL  PRCBES,  CONDUCTIVITY,  SPHF  PLATES  3  156 

PARAMAGNETIC  DECOMPOSITION  PROOUCTS,  SPECTRA  8  734 

PARAMETER  dFFECTS,  IDEAL  DETONATION  STAVE  8  774 

PARTIALLY  REACHED  HE,  HUODNiOT  STATES  8  943 

PARI  ICLE  t  ORAMENT  WITH  MOVING  GRID  527 

PARTICLE  SIZE  EFIECTS  ON  HOT-SPOT  TEMPERATURE  5  2ZC 

PARTICLE  SIZE  EFFECTS,  1-  «  2  COMPONENT  HE  2  478 

ANFO  3  312. 

AP/HQ  6  ITS 

COBALT  AMINE  AZIDES  3  50 

CRITICAL  DIAMETER  8  902 

DDT  7  107 

DDT  7  IIP 

DDT  7  166 

DETONATION  WAVES  8  1047 

EA  EUTECTIC  7  549 

NEGATIVE  OB  EXPLOSIVES  8  1011 

ON  DETONATION  VELOCITY  3  791 

ON  HMK/WAK  4  399 

ON  OENSITIVITY,  RDK  8  902 

OXIDIZERS, PROPELLANTS  3  825 

PETN,  RDK,  S  TETRYL  5  259 

RUN  TIME  VP  PRESSURE  3  515 

TATS  INITIABILITY  8  1047 

TETRYL,  DDT  STUDY  6  426 

PARTICLE  VELOCITIES,  CAMERA  RECORD,  MEASURED  3  420 

FREE-SURFACE,  DIFFERENCE  6  637 

IMPACTED  PMMA  5  592 

MAGNETIC  PROr«E  6  637 

TEST  t  MODEL  7  1U34 

TNT,  LAGRANGE  GAUGE  6  787 

VS  DISTANCE,  MODEL  6  355 

VP  TIME,  ACCEPTOR  HEi  5  484 

PARTICLE  VELOCITY,  DISTANCE  DIAGRAMS,  DDT  6  239 

EM  GAUGE,  IN  SITU  7  1062 

GAUGE  SYSTEM,  NEW  8  447 

HISTORIES,  HNS  8  19 

STRESS  CALC,  GAUGES  5  427 

PATERSON  EOS,  LONG-RANGE  MOLECULAR  FORCES  3  722 

PB-HMX-9404,  OVEtiDRIVEN,  SHCCKEU  STATES  5  533 

PBX  9010,  •>DX  9011  CYLINDFR  TESl  RESULTS  4  5 

VBX  9211,  LOW-VELOCITY  IMPACT  SENSITIVITY  4  478 

PBX  9205,  UNOERWATLR  SPHERICAL  EXPLOSIONS  5  599 


PBX  9404,  10  PRESSURE-SHEAR  LOADING  8  274 

MODEL,  INITIATION  AND  GROWTH  7  488 

PDE  MOOEL,  WAVE  PROPAGATION, CORNERS  6  406 

3-TERM  IGNITION  AND  GROWTH  MOOEL  8  951 

AQUARIUM  TEST  DATA,  d  >  7.2  cm  5  64 

BARE  t  COVERED,  SHOCKED  7  325 

CAMERA  RECORD,  IMPACT  TO  INITIATION  3  426 

CENTRAL  DETONATION,  AIR  S  WATER  6  528 

CHEMICAL  DECOMPOSITION  MODELS  7  56 

CJ  ADIABATS,  HUGONIOTS  8  503 

CYLINDER  TEST  RESULTS  4  5 

DAGMAR  VI  SHORT-SHOCK  DATA  8  107 

DETONATION  CRITERION  STUDY  6  78 

DETONATION  PRESSURE  DATA  7  531 

DETONATION  THRESHOLD  PARAMETERS  6  72 

DETONATION  WAVE  INTERACTIONS  7  669 

DIAMETER-EFFECT  PARAMETERS  6  647 

DRIVER  OF  BERYLLIUM  6  602 

ELECTRON  BEAM  INITIATION  7  S3 

ELECTRON  BEAM,  INITIATION  7  50 

EOS  ABOVE  CJ  PRESSURE  8  587 

EOS  CONSTANTS  7  407 

EOS  FOR  HOT  AND  COLD  SOLIDS  8  38 

FLYER  PLATE,  CRITICAL  SURFACE  AREA  7  316 

GROWTH  OF  REACTION,  SKID  TEST  6  290 

HEAT  OF  DETONATION  Q,  0,  Po|  3  744 

HOT-SPOT  INITIATION  MOOEL  7  394 

HUQONIOT  CURVES  S  SOUND  VELOCITY  4  235 

HUQONIOT  DATA  FOR  UNRE ACTED  HE  5  251 

IMPACT  RESPONSE,  MODEL  I  TESTS  7  273 

INITIATION  THRESHOLD,  HIGH  TEMP  6  44 

re  PHOTO,  LINE  DETONATION,  EBWi  6  666 

LOW-ORDER  EXPLOSIONS  AFTER  IMPACT  6  328 

LOW-VELOCITY  IMPACT  SENSITIVITY  4  478 

OBLIQUE  SHOCKS,  PERPENDICULAR  DRIVE  6  602 

PARTICLE  VELOCITIES,  MAGNETIC  PROBE  6  637 

PHYSICAL  PARAMETERS  7  593 

PLEXIGLAS  MONITOR,  SHOCK  VELOCITY  5  23 

POLYTROPIC,  JWL,  CONSTANT  BETA  F.OSl  6  566 

POP  PLOT,  1D  t  20  MODELS  8  59 

POP  PLOTS,  HIGHEST  DENSITY  MODEL  7  237 

POSTDETONATION.  BEHAVIOR  THEORY  8  501 

PRESSURE  EFFECTS  ON  INITIATION  5  321 

PULSE  DURATION  SENSITIZING  EFFECT  5  191 

RADIUS  OF  CURVATURE  EFFECTS  4  88 

REE' I  PREDICTION  vt  DATA  8  513 

SHOCK  DESENSITIZATION  8  1057 

SHOCK  FRONT  TEMPERATURE  7  1005 

SHOCK  HUGONIOTS  S  INIT  THRESHOLD  5  219 

SHOCK  k'.TVE  GROWTH  MODES,  INITIATION  6  47 

SHOCKED  QUARTZ  GAUGES,  UPSTREAM  5  435 

SHOCKED,  IR  EMISSION  MEASUREMENTS  7  993 

SHOCKED,  PRESSURES,  MXEL  AND  TEST  8  931 

SHORT-DURATION  SHOCK  INITIATION  4  373 

SHORT -PULSE  SHOCK  INITIATION  7  859 

THERMmL  initiation  and  GROWTH  5  280 

UNDERWATER  SHOCK-TO-BURN  TESTS  4  489 

VELOCITY-DIAMETER  PREDICTION  T  589 

VELOCITY-DIAMETER  RELATION,  MOOEL  7  589 

WAVE  SURFACE  CURVATURE  EFFECTS  6  379 

WAVEFORMS,  MICROWAVE  RECORD  8  491 

PBX  9404/DURAL,  FREE-SURFACE  VELOCITY  7  536 

PBX  9407,  EXPLODING- FOIL  SHOCK  SENSITIVITY  7  928 

PBX  9501,  AQUARIUM  TEST  RECORDS  B  981 
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PBX  9501,  COMPOSITION,  DENtlTIES 

7 

567 

PETN, 

ADIABATIC  ELASTIC  MODULI , SINGLE  CRYSTAL 

1 

396 

OIAMETEP-EFFECT  PARAMETERS 

6 

647 

BUBBLE  ENERGY,  UNDERWATER  EXPANSION 

6 

546 

OAUQE  RECORD  ANALYSIS,  EJECTA 

7 

883 

BURN  RATE,  SENSITIVENESS,  Q,  m  X  Q 

2 

651 

SUOTAINED- SHOCK  HISTORIES 

8 

104 

CALC  8  TEST  DETONATION  VELOCITIES,  P«| 

2 

418 

PBX  9502,  COMPOSITION,  DENSITIES 

7 

567 

CALC  VB  TEST  CJ  PRESSURE  8  VELOCITIES 

S 

SOS 

CONFINEMENT  EFFECT  ON  FAILURE 

8 

372 

CJ  POINT,  CJ  IGENTROPE,  ERROR  X 

7 

709 

CORNER'TURNINQ  DATA 

7 

630 

CJ  PROPERTIES  VB  INITIAL  DENSITY 

8 

553 

DESENSITUATION  CALCULATIONS 

8 

47 

CJ  PROPERTIES,  OXYGEN  BALANCE 

8 

547 

DETONATION  PRESSURE  DATA 

7 

531 

CONTACT  FILM,  FRAMING-CAMERA  STUDY 

3 

10 

DETONATION  REACTION  ZONE  STUDY 

8 

123 

CONVECTIVE  BURN  AT  HIGHER  PRESSURES 

3 

77 

ELECTRON  SEAM  INITIATION 

7 

52 

CRITICAL  LENGTH  Vt  CRITICAL  VELOCITY 

4 

432 

TENSILE  PROPERTIES 

8 

637 

CYLINDER  TEST  RESULTS 

4 

5 

TRIPLE  SNOCK'UAVB  INTERACTION 

7 

669 

DDT  STUDY,  CONVECTIVE  BURN,  LVD 

6 

250 

Uf,  ,  MAGNETIC  PROBE 

7 

538 

DEFLAGRATION  BEFORE  DDT 

1 

60 

PBX  9503,  DETONATION  REACTION  ZONE  STUDY 

8 

123 

DETONATION  FLAME  AMALYBIS 

2 

572 

PBX,  BEHAVIOR  DURINO  DROP  WEIGHT  IMPACT 

8 

635 

DETONATION  HEAT,  DETONATION  CALORIMETER 

4 

167 

CAST-CURED,  BEHAVIORAL  MODEL 

7 

560 

DETONATION  PRODUCTS,  REAL-TIME  ANALYSIS 

8 

701 

CAST-CURED,  EFFECTS  OF  INERT  BINDERS 

7 

560 

DETONATION  TEMPERATURE,  PYROMETER 

H 

574 

PBXN-5  SENSITIVITY  CROSSOVER,  PRESSURE 

6 

74 

DETONATION  VELOCITIES  (SO-Min  SIZE) 

1 

14 

PBXU-109,  BURNING  1  DETONATION,  SAP  TEST 

7 

308 

DETONATION  VELOCITY,  ELECTRIC  PROBE 

4 

616 

PEA,  SENSITIVITY  AND  EXPLOSIVENESS 

8 

265 

DROP  WEIGHT  IMPACT  TEST 

8 

641 

PEAK  PRESSURE,  EFFECT,  CRITICAL  ENERGY 

6 

12 

EOS  CALCULATIONS  AND  TEST  RESULTS 

5 

503 

1  PARTICLE  VELOCITIES,  Al  S  CU 

4 

284 

EXPERIMENTAL  8  CALCULATED  CJ  PARAMETERS 

6 

713 

POSITIVE  IMPULSE,  SPHERES 

6 

533 

EXPERIMENTAL  Vt  COMPUTED  HUOONIOT8 

6 

773 

TRANSMITTED  BY  FOAMS 

4 

273 

EXPLODING- FOIL  SHOCK  SENSITIVITY 

7 

928 

PENTANEX,  BUBBLE  ENERGY,  UNDERWATER  EXPANSION 

6 

546 

EXPLOSIVE-ETCHED  CU  MFSH  INIMAIOR 

7 

746 

PENTOLITE,  ARTIFICIAL  VISCOSITY  CALCULATION 

5 

597 

FOAMED,  LOW  DENSITY,  CHARACTERISTICS 

5 

47 

CASE  EFFECT  ON  AIRBLAST 

6 

777 

FREEZE-OUT  TEMPERATURE 

4 

167 

CONDUCTING  ZONE,  ELECTRICAL  EFFECT 

i 

120 

HEAT  OF  DETONATION,  CON FI  NED/UNCON PI  NED 

3 

750 

DEFLAGRATION  WAVES,  ODT  STUDY 

6 

241 

HIGH-DENSITY  SHOCK  INITIATION 

6 

20 

DENSITY  1.  VELOCITIES 

4 

245 

HIOH-VACUUM  DETONATION 

5 

559 

DENSITY,  D,  CD,  EXPERIMENTAL  P 

3 

377 

IMPACT-FACE  PRESSURE,  POROSITY  MODEL 

7 

443 

DETONATION  VELOCITIES 

1 

14 

IN  METHANE,  LOW-VELOCITY  DETONATION 

2 

585 

EHF  GENERATED  BY  CONDUCTION  ZONE 

3 

116 

INITIATION  THRESHOLD,  HIGH  Tq 

6 

44 

GROWTH  TO  DETONATION, INTERFEROMETR 

4 

584 

INTERSTITIAL  GASES,  SENSITIVITY 

4 

349 

HIGH-DENSITY  GAS,  ELECTRODE,  X  RAY 

3 

136 

ISOTHERMAL  LINEAR  8  VOLUME  COMPRESSION 

6 

700 

HI  OH -VACUUM  DETONATION 

5 

561 

JCZ  STATE,  MOLECULAR  PARAMETERS 

7 

721 

INERT  MONITOR,  SHOCK  VELOCITY 

5 

23 

LASER  AND  SHOCK  INITIATION 

7 

797 

INITIATION  BY  AIR  SHOCK, DELAY  TIME 

3 

790 

LASER  IGNITION  TEST 

a 

476 

LATERAL  SHOCK  PRESSURE  TESTS 

4 

95 

LINEAR  MEMORY  EFFECT 

3 

47 

MEASURED  DETONATION  PRESSURE 

5 

65 

LINEAR  SURFACE  REGRESSION  TO  500*C 

4 

461 

SHOCKED  SYMPATHETIC  DETONATION 

3 

521 

LOW-VELOCITY  DETONATION,  CONFINED 

7 

575 

SHOCKED,  THERMAL  FILM  RECORD 

7 

974 

MIE-ORUNEISEN  EOS,  PULSED  ELECTRON  BEAM 

5 

351 

SLURRY,  CONTACT  FILM  RECORD 

3 

18 

MOLECULAR  ELECTRONIC  STRUCTURE 

7 

65 

SPHERICAL  EXPLOSIONS  IN  WATER 

6 

570 

PARTICIE  SIZE  EFFECTS,  SMALL-SCALE  GAP 

5 

259 

SPHERICAL  SHOCKS  IN  WATER, INITIATE 

3 

790 

PHYSICAL  PROPERTIES 

7 

33 

UNDERWATER  SHOCK-TO-BURN  TESTS 

4 

489 

POLYMERS  ADDED,  DROP-WEIGHT  IMPACT 

7 

25 

UNDERWATER  SHOCK-WAVE  PERFORMANCE 

4 

27 

POP  PLOTS  OF  HIGHEST  DENSITY 

7 

237 

VI  PBX  9404  SHOCK  WAVE  DATA,  MODEL 

6 

528 

PRECURSORS  IN  DETONATIONS 

7 

877 

WAVE  CURVATURE  vi  CHARGE  LENGTH 

2 

506 

PRESSURE  PROFILES,  POP  PLOTS 

6 

22 

WAX-GAP  TEST 

1 

23 

RECEPTORS  IN  GAP  TESTS 

7 

279 

PERCUS  YEVICK  <PY)  EOS,  OUATUOR  CODE 

8 

764 

RETARDED  DETONATION,  TRICKS  (CHICANERY) 

6 

226 

PERFECT  GAS,  SHOCK  POLAR8,  DEFLECTION  ANGLE 

5 

129 

RUBBER-BONDED  SHEET  EXPLOSIVE 

4 

496 

PERFLUORINATEO  ALKYLAMINES,  SYNTHESIS 

7 

941 

SHOCK  HUOONIOT 

3 

570 

PERFORMANCE  PARAMETERS,  EASIER  PREDICTION 

7 

952 

SHOCK  HUGONIOTS  &  INITIATION  THRESHOLDS 

5 

219 

PERFORMANCE  TESTS,  PLATE  DENT,  BURN 

8 

353 

SHOCK  WAVE  INITIATION  MODEL 

6 

371 

PERIPHERAL  DETONATION,  WAVEGUIDE  DESIGN 

1 

31 

SHOCKED,  PRESSURE  VB  DISTANCE  DATA 

5 

225 

PERPENDICULAR  EXPLOSIVE  DRIVE,  OBLIQUE  SHOCKS 

6 

602 

SIMULATIONS  IN  HOT-SPOT  MODEL 

7 

506 

PERSPEX  MOUSETRAPS,  SHOCK  TO  DETONATION 

8 

447 

SINGLE-CRYSTAL  TESTS,  PROPERTIES 

2 

470 

PERSPEX  TUBES,  BURN  VELOCITY  MEASUREMENTS 

3 

83 

SPECTROSCOPIC  STUDY  OF  DETONATION 

8 

691 

PERTURBATION  METHODS  IN  DETONATION  PHYSICS 

6 

352 

SPRAYED  ON  COPPER  MESH  ON  MYLAR 

7 

746 

PERTURBATION  ON  INNER  SURFACE  OF  SHELL,  2DL 

4 

316 

SURROUNDING  EXPLODING  WIRE  INITIATOR 

1 

12 

PETN,  2D  SIMULATION  OF  CKNO  CHAIN 

7 

784 

TEMPERATURE,  MEASURED  AND  CALCULATED 

8 

558 

30  HYDRODYNAMIC  HOT-SPOT  MODEL 

8 

44 

PETN, 

THERMAL  DECOMPOSITION,  P  «  10-50  kbart 

5 

331 
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PETN,  THERMAL  INITIATION  t  GROWTH  5  780 

THERMOOTNAMIC  PRUPERTIES,  293  K,  0  GPa  6  71)4 

TIME  DELAY  va  TEMP  RECIPROCAL,  DECOMP  3  67 

TNT  REACTION  ZONE  LENGTHS  2  75S 

WEDGE-RRASR  INTERPACE,  1  3  562 

PETN'POLYURETHANE,  DETONATION  PROPERTIES  7  560 

PETN/BENZOYL  PEROKIDE  DECOMPOSITION  7  27 

PETN/NiCl,  AIR  SHOCKS  IN  AIR  GAP  8  1072 

PETN/POLYURETHANE,  DIVERGING  DETONATIONS  7  408 

PETN/TNT,  POLYTROPIC  GAMMA,  ENERGIES, VELOCITY  5  462 

PETRIN  ACRYLATE  PROPELLANT,  SENSITIVITY  3  830 

PHASE  CHANGE  WITHIN  SHOOK  WAVE  3  358 

PHASE  DIAGRAMS,  P-T,  CARBON  8  528 

PHASE  SHIFT  Vt  SEAL  THICKNESS,  IRANIIT  TIME  6  399 

PHASE  TRANSFORMATION  OF  HNA8,  DSC  MEASUREMENT  8  1129 

PHASE  TRANSITIONS,  SHOCKED;  81, Fa, QUARTZ  4  248 

TYPES  8  BOUNDARIES  4  249 

PHASE  VELOCITY  OF  PROPAGATION  DEFINED  4  258 

PHERMEK  APPLICATIONS, DETONATION  A  SHOCK  WAVES  4  639 

PHERMEX  MACHINE,  NEW,  FLOW  BEHIND  WAVE,  FRONT  5  3 

PHERMEK  RADIOGRAPHIC  FACILITY,  HE  STUDY  6  409 

PHONON-DRAG  EFFECT,  THERMOELECTRIC  4  636 

PHOTOCELL  MONITOR,  LIGHT  EMITTED  BY  IMPACT  6  682 

PHOTOCHEMICAL  INITIATION  OF  SILVER  AZIDE  2  547 

PHOTOELASTIC  SUBSTANCES,  TRANSIENT  STRESSES  1  31 

PHOTOGRAPHY,  HIOH-RENOLUTtON,  WAVE  EFFECTS  6  414 

PHOTOLYSIS  A  THERMOLYSIS  OF  METAL  AZIDES  3  843 

PHOTOLYSIS  OF  BARIUM  8  POTASSIUM  AZIDSS  2  530 

PHOTOMULTIPLIER  8  OSCILLOSCOPE,  REACTION  ZONE  4  602 

PHOTOMULTIPLIER  DETECTOR,  DENSITY  CHANQFS  2  192 

LIQUID  HE  7  759 

PHOTOSENSITIZATION  OF  HE  ACCEPTORS  7  938 

PHYSICAL  SYNTHESIS,  AN  COMPOSITE  HE  6  439 

PIC  (PARTICLE-IN-CELL)  METHOD,  HYDRODYNAMICS  5  177 


VISCOSITY  ADDED  4  528 
PICRAMIDE,  RADICALS  IN  DECOMPOSITION  PROOUCTS  8  742 
PICRIC  ACID,  CAlC  8  TEST  DET  VELOCITIES  2  418 

CURVATURE  EFFECTS  ON  SHOCK  WAVC  1  99 

IMPACT  SENSITIVITY,  OB/100  3  681 

MECHANICAL  PROPERTIES  8  642 

SENSITlVENESti  OF  PRESSED  CHARGES  2  643 
SENSITIVITY  AND  OXYGEN  BALANCE  3  700 
PICRYLAZOLES,  ELECTRONIC  STRUCTURE  7  66 

PIEZOELECTRIC  PRESSURE  GAUGES,  CASING  EFFECT  6  777 
PIEZORESISTIVE  GAUGES,  GAP  TESTS  7  280 

PIKE  EQUATION,  AIR-MATCH  POINT  ABOVE  ADIABAT  4  55 

PIN  ARRAY,  DETONATION  FRONT  VELOCITY,  SPHERES  6  522 
PIN  METHOD,  MEASURING  DETONATION  VELOCITY  2  136 
VELOCITY  DETERMINATION,  TOA  2  440 

PIN  SIGNAL  RECORD,  CONDUCTIVITY,  TOA  SIGNALS  3  139 
PIN  SWITCH  CONSTRUCTION,  DETONATION  VELOCITY  2  140 
PIN  TECHNIQUES,  MEASURING  PARTICLE  VELOCITY  1  107 
PIN-CONTACTOR  TECHNIQUE,  SHOCKED  SOLID  HE  4  375 
PIPE  BOMBS,  VARYING  IGNITION  METHODS  7  248 

PISTON  IMPACT,  LOU  VELOCITY,  DELAYED  DET  7  256 

POROUS  ENEPQETtC  MATERIALS  8  882 
PISTON  IN  FUUO,  HEAT  FROM  CHEMICAL  REACTION  4  502 
PISTON  VELOCITY,  FLOW  AFTER  IMPACT,  GAMMA  «  3  3  205 
INERT  AGAINST  HE  SLAB  3  534 

PLANAR  ID  EXPLOSIVE -METAL  MODEL,  CJ  STATES  4  538 
PLANAR  IMPACT  GUN  TEST, SHOCK  PROFILE  DETECTOR  5  369 
PLANAR  SHOCK  INITIATION,  SOLID  HE  3  499 

PLANE  DETONATIONS  va  CYLINDRICAL,  SPHERICAL  5  41 

PLANE  ELASTIC  PRECURSOR  DECAY  MODEL,  CRACKS  6  267 


PLANE  LATERAL  DRIVING  TESTS  8  625 

PLANE  SHOCK  INITIATION,  DILUTE  HE  7  448 

PLANE  SHOCK  RESPONSE,  CRITICAL  ACCELERATION  6  387 

PLANE  SPALI ING  OF  COPPER,  ID  CALCULATIONS  5  567 

PLANE  VS  DIVERGING  DETONATION  WAVES  8  143 

plane  wave  GENERATOR  SETUP,  X  RAY,  PHERMEX  5  4 

PLANE  WAVE  GENERATORS,  MACH  PHENOMENA  8  431 

PLANE  WAVE  SMEAR  CAMERA  RECORD,  AP  4  365 

PLANE  WAVE,  HEAT  RELEASE,  FLOW  DERIVATIVES  8  148 

PLASM.  IN  PROPANE,  CO2,  Ns,  8  IN  VACUUM  3  202 

PLASMAS,  DILUTE,  DETONATION  GENERATED, FACTORS  3  1S4 
PLASTIC  DEFORMATION,  CRYSTALLINE  SOLIDS  B  62 

MECHANISM  7  241 

METALS  1  37 

PLASTIC  FLOW  CONDITIONS  OF  METALS  1  33 

PLASTIC  PROPELLANTS,  GAP  SENSITIVENESS  2  653 

PLASTIC  WORK  VS  PROJECTILE  VELOCITY,  DIAMETER  6  332 

PLASTISOL,  CARD  GAP  SENSITIVITY,  PROPELLANTS  3  825 
PLASTISOL-NITROCELLULOSE  PROPELLANTS  4  99 

PLASTISOL-NITROCELLULOSE  PROPELLANTS  4  103 

PLATE  8  CYLINDER  MOTION,  ELA  MODEL  4  14 

PLATE  ACCELERATION  IN  HE-METAL  SANDWICH  7  811 

PLATE  DENT  DEPTH  VI  DETONATION  VELOCITY  2  753 

PLATE  DENT  PHOTOS,  BTX  8  PETN  ON  DURAL  6  463 

PLATE  DENT  RESULTS,  AREA  BEHIND  REACTION  ZONE  2  749 

PLATE  DENT  TEST,  <SMAlL- SCALE)  SETUP  3  745 

EA  EUTECTIC  8  OTHERS  7  549 

HMX/AP/Al  PROPELLANT  7  622 

PLATE  IMPACT  TEST,  PRESSURE  PROFILES  3  246 

PLATE  IMPACT,  CASE  FAILURE,  NO  IGNITION  7  1048 

PLATE  TRAJECTORY,  NEGATIVE  PRESSURE  REGIONS  4  544 

PLATE-PUSH  TEST,  DISK  SHOT  FROM  MORTAK  3  780 

PLEXIGLAS,  SHOCK  COMPRESSION  DATA  4  225 

P»MA,  COMPRESSION  BY  LOW-AMPL I TUOE  SHOCK  WAVE  4  214 

ENHANCED  EXPLOSIVE  EFFECT  ON  IMPACT  7  308 

HUGONIOT  FOR  PLEXIGLAS  va  AP  4  363 

HUGONIOTS,  PETN  EOS  TESTS  5  H07 

PARTICLE  VELOCITY,  EMV  GAUOE  STUDIES  5  414 

PHYSICAL  PROPERTIES  7  33 

PHYSICAL  PROPERTIES,  SHOCK  HUGONIOT  A  326 

PROPAGATION  SPEED  OF  RELEASE  WAVES  5  589 

SHOCK  WAVE  COMPRESSION,  3-20  kbari  4  222 

SURFACE-VELOCITY  TESTS)  FOIL  TECHNIQUE  4  215 

Uf(  ,  INITIATING  PBX  9404,  2DL  MODEL  5  322 

POINT  EXPLOSION  SELF-SIMILAR  PRODLEM  6  594 

POLAR  (LIBBAJOUS)  PLOT,  PUSH/PULL  VISAR  8  470 

POLAR  ANGLE  va  FRONT  8  LINCR  VELOCITIES  6  521 

POLAR  INITIATION,  COMP  B  ON  Al  SPHERES  6  521 

POLARIZATION  or  HOMOGENEOUS  HE,  SHOOK  INDUCED  6  143 

POLARIZATION  SIGNALS,  DETONATION  INDUCED  5  429 

LinUID  DIELECTRICS  5  399 

POLARIZATION  TEST  SETUP,  DIELECTRICS  5  5C8 

POLARIZATION,  SHOCK  INDUCED  IN  SOLID  HE  5  429 

POLYCARBONATE  (PC),  BINDER  EFFECTS, PROPERTIES  7  25 

POLYESTER,  PHYSICAL  EFFECTS  7  25 

POLYETHYLENE,  SHOCK- INDUCED  ELECTRICAL  SIGNAL  5  387 

POLYMER  EFFECT  ON  DROP-WEIGHT  RESULTS  7  24 

POLYNITROALIPHATIC  EXPLOSIVES,  SENSITIVITY  3  672 

SENSITIVITY  6  312 

POLYNITROAROMATIC  COMPOUNDS,  SENSITIVITY  3  680 

POLYNITROSTILBENES,  SENSITIVITY  AND  OB/IOO  3  684 

POLYPROPYLENE  BINDER,  PHYSICAL  PROPERTIES  7  33 

POLYSULFONE  BINDER,  PHYSICAL  PROPERTIES  7  25 

POLYSULFONE  COATING,  DECREASED  SENSITIVITY  8  257 
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POLVTROPIC  EOt,  CNAMGEI,  SHOCK  PULSE  IN  WATEA  6  961 
SHOCK  N0TIO4  or  A  LINEN  3  275 

POLYTKOPIC  GANMA  PNOH  UhP  1  5  56 

POP  PLOT,  CONP  I,  PIN  M04,  TA^B  7  487 

EAKi  VI  COMP  S,  TETKVL,  TNT,  PBXl  8  1008 

LOW-DENSITY  TATB  7  386 

PETN,  HIGH  DENSITY  7  237 

SHOCK  INITIATION  BEHAVIOR  8  949 

SHOCK  WAVE  8  INITIATION  DATA  4  237 

NOT,  THREE  MODELS.  PBX  9404  8  932 

PORE  COLLAPSE  AND  COMPRESSION  MODEL  7  523 

PORE  COLLAPSE  FROM  SHOCK  LOADING  8  26 

PORE  SURFACE  HEATING  BY  VISCOUS  FLOW  7  435 

POROSITY  EFFECT.  LOW-DENSITY  C  lAROES,  ANDREEV  3  794 
PRESSED  HE.  BURN  RATE  7  904 

STRONG  SHOCKS,  EOS  (CALC)  3  396 

POROSITY  VI  IGNITION  ENERGY.  HUOONIOT  CURVE  4  181 
POROSITY-DEPENDENT  SHEAR  MODULUS  7  201 

POROUS  BED  BURNING,  DDT  MODEL  7  234 

POROUS  BED  COMPACTION,  HMK  STRAIN  RATE  8  654 

INERT  MATERIALS  7  843 

POROUS  BED  MATERIALS,  THO,  AVE.  PARTICLE  SIZE  8  883 

POtOUS  BEDS  OF  HE,  COMPRESSIVE  REACTION  8  881 

POROUS  CHARGE,  DETONATING  PRECURSORS  7  877 

HMK  REGRESSION  RATES  7  173 

SHOCK- INDUCED  HEATING  7  523 

POROUS  SOLID.  SHOCK  PROPAGATION  4  258 

POIOUS,  NONRE ACTIVE  MATERIALS.  RESPONSE  6  766 

POSTPEAK  IGNITION  (PPI)  TRACES.  GAP  TEST  7  916 

POTASSIUM  PICRATE,  BURN  RATE,  SENSITIVENESS  2  651 

POTENTIAL  ENERGY  SURFACES.  9ON0  SCISSION  8  827 

POWDER  MORPHOLOGY  EFFECT.  HNS  7  938 

POLIDZR  TRAIN  TIME-DELAY  ELEMENT  1  32 

PRANDtL-MEYER  EXPANSION,  "SIMPLEm  WAVE  FLOW  3  578 

PRANDTL-NEYER  FAN,  EXPLOSIVE  EDGE  CALCULATION  4  16 

PRANDTL-MEYER  FLOW  BEHIND  DETONATION  WAVE  3  787 

PRANDTL-NEYER  SINGULARITY,  STEADY  DETONATION  6  356 

PRECOMPRESSING  CHARGES,  OUENCNING  AIR  SHOCK  3  798 

PRE COMPRESS  I ON  EFFECTS,  FLYERS  7  938 

LIQUID  8  SOLID  HE  5  67 

TNT  8  CONP  B  73 

PRECURSOR  AIR  SHOCK,  PISTON  EFFECT  OF  HE  8  1069 

PRECURSOR  WAVE  DETECTOR,  STREAK  CAMERA,  PRISM  4  573 

PRECURSOR  WAVE,  FLUID  8  AIR  CAVITATION  EFFECT  4  117 

WATER-CONTROL  TESTS  5  81 

PRECURSOR,  DETONATING  POROUS  ME  7  877 

SHOCK  DEFENSITIZATION  7  352 

PREDETONATtON  COLUMN  LENGTH  <PCL)  7  107 

PREDETONATtON  COLUMN  LENGTH, COMPACT  ION  EFFECT  6  433 

PREDETONATtON  TRANSIENT  WAVES  7  248 

PREDICTING  PERFORMANCE  PARAMETERS,  SIMPLIFIED  7  952 

PREHEATING  EFFECT  ON  DETONATING  LEAD  AZIDE  2  569 

PRESHOCKED  PBX  9404  AND  COMP  B-3  8  1057 

PRESHOCKING  SOLID  HE  TO  HAKE  IT  INSENSITIVE  3  785 

PRESSING  X  ,  VACUUM  MOLDING  CHARGES  2  123 

PRESSURE  8  DENSITY  IN  SHOCKED  SOLIDS,  MODEL  4  555 

PRESSURE  AT  IMPACT  vs  TEMPERATURE,  PBX  9404  V'  1007 

PRESSURE  CONTOURS,  SMOCKED  LX- 17,  MODEL  7  491 

PRESSURE  DEFLAGRATION  RATE, CLOSED  VESSEL  6  195 

PRESSURE  DEFLECTION  CURVES,  FLOW  DIAGRAMS  4  382 

PRESSURE  DEPENDENCE  ON  LOADING  DENSITY  6  714 

PRESSURE  EFFECT.  BONOS,  REACTION,  MODEL  7  93 

ELECTRONIC  STRUCTURE  8  827 

PRESSURE  EFFECT,  HE  DECOMPOSITION  5  331 


PRESSURE  EFFECT,  INITIATING,  NM  8  TNT.  IN  NO  5  156 

LOW-VELOCITY  DETONATION  2  585 

MOLECULAR  DECOMPOSITION  8  835 

OCTOL,  HOT  WIRE.  HOT  PLATE  5  283 

PRESSURE  ENTERING  RECEPTOR, MODEL  4  555 

PRESSURE  EVOLUTION,  TRANSIENT  ZONE  8  143 

PREISURE  QAUQE  (SHOCK),  CARSON  RESISTOR  5  47 

PRESSURE  GRADIENTS  ACROSS  WAVE  FRONT  2  514 

PREISURE  HISTORIES.  SHOCKED  METALS, WAVE  FORMS  4  271 

PRESSURE  NIAIURENENT  BY  MANOANIN  WIRE  OAUOE  6  625 

PRESSURE  PEAK  8  TINE  lEHIND  THE  SHOCK.  DECAY  3  795 

PREISURE  PROBE  RECORD,  NOL  OAP  TEST  3  590 

PREISURE  PROFILE.  DETONATINO  lOLID  EXPLOSIVE  3  241 

DETONATION  WAVE  VI  Al  PLATE  2  372 

DETONATION  WAVE,  NH  6  138 

DETONATION  WAVE,  P  VI  X  2  327 
FOR  REACTION  ZONES, SOLID  HE  2  345 
REACTION  ZONE  IN  Al  PLATE  4  525 

PRESSURE  PUL8EI,  X-t  PLC  1  6  106 

PRESSURE  RATIOS  AT  CRIT  .L  BETA,  CALCULATED  6  578 

PRESSURE  RISE  IN  CONFINED  CHARGES  6  211 

PRESSURE  IIQNATURE6,  CALCULATED,  UNDERWATER  6  556 

PRESSURE  SPECTROSCOPIC  STUDIES,  NO  8  716 

PRESSURE  TRANSDUCER,  SULFUR,  CALIBRATION  3  241 

PRESSURE  VI  EULERIAN  POSITION  I,  TINE  r  3  551 

PREISURE  VI  EXCESS  TRANSIT  TINE,  SOLID  HE  4  237 

PRESSURE  VI  Pu.  OVERDRIVEN  COMP  I  4  51 

PRESSURE  VI  PARTICLE  VELOCITY,  ISENTROPE  3  387 

PRESSURE  VI  PULEE  LENQTH,  INITIATION  CRITERIA  7  429 

PRESSURE  VI  TIME,  ACCEPTOR  NEl  5  485 

PRESSURE,  293  K  vi  RELATIVE  VOLUMES  NiCl,  NaF  6  702 
DETONATION,  EHOCK,  IMPACT,  AOUARIUM  3  357 
VICINAI ,  FAR  FROM  BUBBLE  6  120 

PRESSURE-DISTANCE  CURVESt  q,  LAX,  ANALYTIC  3  619 
PRESSURE-PARTICLE  VELOCITY  DATA,  HBX-1  5  528 

PRESSURE-PARTICLE  VELOCITY  FITS,  HMX/TNT  4  61 

PRESSURE- SHEAR  LOADING  (1D>  OF  PSX  9404  8  274 

PRESSURE-TIME  PROFILES,  INHOMOOENEITIES  6  341 

LOW-ORDER  INITIATION  6  325 
PRESSURE-VELOCITY  SLOPES,  PHASE  TRANSITIONS  4  256 
PRESSURE-WAVE  REFLECTION  EFFECT  ON  BURN  7  186 

PRESSURE-WAVE  VELOCITY  IN  MAPLE  1  31 

PRESSURIZED  NE.NEASURED  DETONATION  VELOCITIES  5  73 

PREITRESSINO  SHOCK,  METAL-HE  INTERFACE  4  383 

PRIMACORD,  DETONATION  VELOCITIES  1  14 

EXPLOOING-UIRE  INITIATORS  1  9 

LATERAL  SHOCK  PRESSURE  TESTS  4  95 

PRESSURE-TINE  PROFILES  3  317 

PRIMAKOF  SIMILARITY  SOLUTION,  SHOCKED  INERT  4  510 
PRIMERS,  INITIATIHO  POWER,  NUMERICAL  QUANTITY  2  602 
PRISM  TEST,  CONFINEMENT  EFFECT  ON  FAILURE  8  572 
PROSE,  COANIAL,  OPTICAL  AND  ELECTRICAL  8  89 

CONDUCTIVITY.  EFFECTS  8  SUITABILITY  2  443 
SHAPE  CHANGES.  MODEL  8  TESTS  4  597 

PROSIT  TESTS,  CARO  CAP  TESTS  7  265 

PROFILE  STREAK  TECHNIQUE,  WAVE  PROFILES  B  330 

PROGRESSIVE  DECONSOLIDATION  NODE,  DOT  7  168 

PROJECTILE  ATTACK  TEST,  SENSITIVENESS  TESTING  3  660 
PROJECTILE  IMPACT.  MODEL  7  175 

MODEL  7  325 

MODEL  7  343 

SENSITIVITY,  AMMUNITION  6  682 

1ESTS  7  316 

PROJECTILE  IMPACT,  TESTS.  RDX  PARTICLL  SIZE  8  907 
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PROJECT  I  LI  VELOCITY,  TMREt  LASER  SEANS  7  300 

BARRIER  LENOTH  4  433 

PROJECTILE- IMPACT  SHOCK  INITIATION  NOOIL  A  307 
PROPAQATINO  DEFLAGRATION,  CONFCNENENT  EFFECT  6  204 
PROPAOATINQ  DETONATION  FRONT  IN  TATI  6  762 

PROPAGATING  DETONATION  NOOEL,  NUN IT IONS  7  1055 

PROPAGATINO  DETONATION  THRESHOLD  5  207 

PROPAGATING  FAST  REACTION, LEAD  AZIDE  CRYSTALS  5  301 
PROPAGATINu  SHOCK  A  DETONATION  NAVES  4  79 

PROPAGATION  RATE,  IMPACT  MACHINE,  PHOTOORAPHS  3  10 

TNT,  AIR  GAP  EFFECT  E  409 

PROPAGATION  TEST  VP  GAP  TEST  RESULTS  2  656 

PROPAGATION  THEORY,  KIRKWOOO/BRINKLEY  1  107 

PROPANE  ISOMERS,  FAILURE  DIAN  I  SENSITIVITY  5  89 

PROPANE,  DETONATION  VELOCITY  MEASUREMENTS  5  44 

PROPANE- IMPREGNATED  HE,  DETONATION  TEMPS  2  166 

PROPELLANT,  ACCELERATION  SIMULATOR  7  915 

BURN,  REFLECTION  A  RECIRCULATION  7  186 
CAMERA  I  X  RAYS,  SHOTGUN  FACILITY  7  302 
D  A  E,  PROPERTIES  8  285 

DELAYED  DETONATION  IN  GRANULAR  7  256 

DIAMETER  EFFECT,  REACTION  ZONE  4  97 

DUAL  THRESHOLDS  IN  GAP  TEST  7  267 

EXPLOSIVENESS,  RARDE  BURNING  TUBE  7  1040 
FAILURE  DIAMETER  PREDICTION  4  102 

GAP  SENSITIVENESS  2  653 

HIGH-VELOCITY  IMPACT  RESPONSE  8  284 

LARGE-SCALE  INITIATION  STUDY  7  887 

NONIDEAL  DETONATION,  HMX/AP/Al  7  620 

POROUS  BED  DDT  STUDY  Vt  MQOEL  6  258 

SENSITIVITY,  CARD  GAP  TEST  3  822 

SHOCKED  A  DESENSITIZED,  HOT  SPOTS  3  796 

TEMP  IS  HATE-DETERMINING  FACTOR  2  741 

PROPVL  NITRATE,  THRESHOLD  VELOCITY,  BURN  RATE  6  119 
PTFE  INSULATOR,  MANOANIN  GAUGE,  PRESSURE  6  626 

PULSE  DURATION  EFFECT,  COMP  B,  B-3,  PBX  9404  5  191 

PYRIDINE,  EFFECTS  ON  OOT, AMMONIUM  PERCHLORATE  7  153 
PYROMETER,  DETONATION  PRODUCT  TEMPERATURE  8  567 
FOUR -COLOR  8  558 

FOUR -COLOR,  BRIGHTNESS  IN  NM-TNM  7  768 

TWO-COLOR  OPTICAL  FIBER  8  567 

P^r  DETONATION  CRITERION,  DERIVATION  8  1119 

0  HETHOO,  CALCULATION,  UNDERWATER  FLOW  4  33 

MDOEL,  CONFINED  DEFLAGRATION  3  606 

0-SWITCHED  LASER  PULSE  INITIATION  6  612 

QUARTZ  GAUGE,  FRONT-BACK  SETUP,  PETN  6  21 

RECORDS,  HNAB  HUGONtOT  7  419 

SANDIA,  CONSTRUCTION  B  TESTING  5  369 

TECHNIQUE  FOR  IMPACT  TESTS  5  369 

THICK,  SHOCKED  PMMA,  RECORDS  4  222 

UPSTREAM  OF  SHOCKED  HE  5  435 

QUARTZ,  ELASTIC  PRECURSOR  I  SHOCK  WAVE  PHOTOS  4  569 

QUASI -SONIC  DISCONTINUITY,  CJ  DETONATION  7  6i5 

QUASI-STATIC  COMPACTION  OF  INERTS  7  843 

QUASI-STATIC  STRESS-STRAIN  CURVES:  Al,  STEEL  4  298 

QUATUOR  CODE,  DETONATION  THERMOCHEMISTRY  8  762 

RADIAL  VELOCITIES,  COLLAPSING  CAVITIES  8  78 

RADIANCE  SIGNALS,  NE-LOADED  COPPER  PLATES  6  693 

RADIANCES,  NC,  NM,  DEGON,  EN,  2-NE  7  764 

RADIATION  EFFECT  ON  PROPELLANTS  1  32 

RADIATION  MEASUREMENTS  IN  REACTION  ZONE  4  602 

RADIATION  SIGNAL  DURING  DETONATION  2  144 

RADIATIVE  v«  HOT-GAt  IGNITION  8  481 

RADIOGRAPHS,  DETONATION  ZONE  4  162 


RADIOGRAPHY,  PHIRMIX,  RAREFACTION  WAVES  4  642 

RADIOMETER,  2-COLOR  «r,  SHAPED  CHARGES  TEMPS  6  691 
RADIUI-OF-CURVATURE  EFFECT  ON  GET  VELOCITY '  4  86 

RADIUS-TIME  HISTORY,  Cu  CYLINDERS,  COMP  B  44 
RAMAN  MEASUREMENTS,  REACT lOM  ZONE  LSHGTH  8  691 
RAMAN  SCATTERING  TEMPERATURE,  SHOCK  WAVE  7  1010 

RAMAN  SPECTRA,  PETN  AND  HNX,  SINGLE  PULSES  8  696 

IHOCKED  ROX,  PETN  XTALS  8  847 

SOLID  NITRIC  OXIDE  8  719 

RAMAN  BPECTROieOPT,  EXPERIMENTAL  IITUP  7  1013 

RAMP  WAVE  RIBETIME  EFFECT  ON  RUN-UP  DISTANCE  8  970 
RAMP  WAVES,  PIX  9404  7  394 

RAMP- INDUCED  COMPEEIIION,  PROPELLANT  INIT  8  962 
RANDOM  CHOICE  HETHOO,  DETONATION  IIMULATION  7  799 
RANKINE-HUOONIOT  CONDITION,  DItCONTINUITIEt  2  317 

PREtSUEE  MODEL  6  604 

VECTOR  IN  EOS.  2  426 

RANKINE-HUOONIOT  CURVE  IN  MIXED  PHASE  4  252 

RANKINE-HUOONIOT  EOUATIONI,  ID  STEADT  STATE  3  305 

P,  V  FLUID  2  219 

PRECOMPRESSlOH  5  68 

REFLECTED  SHOCK  3  215 

SHOCK  CUMPRESStON  4  207 

RARDE  BURNING  TUBE-TEST,  LOU  EXPLOSIVES  8  211 

RARDE  SMALL-SCALE  BOOSTER  COOK-OFF  TEST  SETUP  8  1107 
RAROE  SMALL-SCALE  SURNINO-TUBE  TEST  8  262 

RAROC  SMALL-SCALE  FUEL-FIRE  TEST  8  211 

RAREFACTION  EFFECT  ON  MACH  IRIDQE  4  144 

RAREFACTION  WAVES  IN  EXPLOSIVE  PRODUCTS, X  RAY  5  14 

RAREFACTION  WAVES  RESTRICTING  ACCELERATION  3  579 
RARSFACTION-OVERTAKP.  MODEL  v»  INITIATION  DATA  7  431 
RAREFACTIONS  FROM  HETAL-HE  INTERFACE,  Al  2  379 

RASTER  CHRONOGRAPH,  DETONATION  VELOCITY  2  137 

RATE  OF  EXPANSION  S  ttu  FOR  PEAK  STRESSES  4  492 
RATE  PARAMETERS,  CRITICAL  DIAMETER  I  VELOCITY  7  589 
RATE  STICK,  ASSEMBLY,  JOINTS  EFFECTS  6  642 

ANALYZED  BY  DIFFERENCE  HETHCX)  3  334 
COMP  S,  PARTICLE  SIZE  EFFECTS  2  480 
FAILURE  RADII,  20  MODEL  7  488 

PLATE  DENT,  UNCONFINED  AN  COMP  7  806 
PRODUCTION  2  120 

PROPELLANT,  NONIDEAL  BEHAVIOR  7  620 
RATES  OF  REACTION,  ESTIMATES,  Ir  EMISSION  7  993 
RAYL  DEFINITION,  SHOCK  IMPEDANCE  OF  ACCEPTOR  2  633 
RATLEICH  LINE-HUCONIOT,  STEAM  CONDENSATION  2  298 
ROX,  AXIAL  FUSE  INITIATION  Vt  NORMAL  ROOSTER  4  156 
BKU  MODEL  AND  PERFORMANCE  DATA  3  728 

■URN  RATE,  SENSITIVENESS,  Q,  n  x  Q  2  651 

CALC  i  TEST  DETONATION  VELOCITIES  2  418 

CHEMICAL  DECOMPOSITION  MODEL  7  56 

CJ  POINT,  THEORETICAL  EOS  MODEL  7  716 

CJ  PRESSURE  VI  INITIAL  DENSITY  8  519 

CJ  PROPERTIES,  OXYGEN  BALANCE  8  547 

CONTACT  FILM,  FAST-BURNING  MODE  3  13 

CONVECTIVE  BURN  AT  HIGHER  PRESSURES  3  77 

CRYSTAL  GROWTH  AND  MORPHOLOGY  7  977 

CURVATURE  EFFECT  ON  SHOCK  WAVE  1  99 

D  (km/t),  DENSITT  8  514 

DDT  PHENOMENA,  VERY  SMALL  DIAMETERS  7  107 

DDT  STUDY,  ••RETONATION*'  WAVE  3  231 

DENSITY,  CD,  0,  EXPERIMENTAL  PRESSURE  3  376 

DIAMETER  EFFECT.  REACTION  ZONE  THICKNESS  4  97 

DURAL,  Uf,  2  336 

RDX,  ELECTRICAL  INITIATION  4  88 
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ADX,  ELECTRON  PARAMAQNEnC  RESONANCE 

7 

75 

RDX/TNT,  LA8I  GAP  TEST 

7 

291 

ENERGY  TNREGHOLD,  p-t  PLOT 

6 

10A 

LIGHT  EMITTED  FROM  REACTION  ZONE 

4 

604 

EXPERIMENTAL  va  COMPUTED  HUG0N20T8 

6 

773 

LOW-ORDER  REACTIOHS’-RCACTION  ZONE 

4 

462 

EXPLOOINC'POIL  SHOCK  SENSITIVITY 

7 

928 

POLYBULFONE-COATIHG,  IGNITION 

8 

253 

HIGH* VACUUM  DETONATION 

5 

S39 

POLYTROPIC  EXPONENT  GAMMA,  ENERGIES 

5 

459 

HOT-SPOT  TEMPERATURES,  MODEL 

7 

524 

SENSITIVITY  AND  EXPLOSIVENESS 

8 

265 

IMPACT  SENSITIVITY  A  OXYGEN  8ALANCE 

3 

699 

SHOCK  WAVE  TO  DETONATION  TRANSITION 

3 

574 

IMPACT  SENSITIVITY  AND  08/100 

3 

674 

SIMULATED  ACCIDENT 

8 

211 

INITIATION  THRESHOLD,  HIGH  Tq 

6 

44 

RDX/TNT/Al/tMX,  ELECTRON  BEAM  INITIATION 

7 

50 

INITIATION,  PHOTCMULTI PLIES  RECORDS 

3 

109 

RDX/TNT/AN,  CYLINDER  TESTS  Vt  BKW  EOS  (TIGER) 

6 

439 

INTERMEDIATE  RADICAL,  ACTIVATION  ENERGY 

7 

75 

RDX/TNT/WAX  (COMP  B).  SHAPED  CHARGE 

7 

352 

JC2  STATE,  MOLECULAR  PARAMETERS 

7 

721 

ROX/WAX,  DDT,  POROUS  BED,  MECHANICS/CHEMISTRY 

8 

972 

KINETIC  PARAMETERS 

7 

75 

RUNUP  DISTANCE  AND  GAP  TEST 

7 

336 

LASER  IGNITION  TEST 

8 

476 

STEEL  CONFINEMENT,  DDT  STUDIES 

7 

139 

LIGHT  EMISSION  DURING  INITIATION 

S 

158 

RDX/WAX/C,  DETONATING  CENTERING  DEVICE 

8 

332 

LINEAR  SURFACE  REGRESSION  TO  SOO'C 

4 

461 

REACTANTS,  PRODUCT  8  DETONATION  PARAMETERS 

8  1005 

MECHANICAL  PROPERTIES,  DROP  WEIGHT 

8 

642 

REACTION  BUILDUP  IN  SHOCKED  PORUUS  EXPLOSIVES 

8 

926 

MICROHARDNESS,  DEFORMATION.  HOT  SPOTS 

7 

976 

REACTION  CENTERS,  HOT  SPOTS 

7 

435 

MIE-QRUNEISEN  EOS,  ELECTRON  BEAM  HEATING 

5 

352 

REACTION  CHEMISTRY,  NITRIC  OXIDE 

8 

715 

MOLECULAR  ELECTRONIC  STRUCTURE 

7 

65 

REACTION  COMMUNICATION  DISTANCE 

6 

47 

MOLECULAR  GEOMETRY,  BOND  LENGIHS.AB  INIT 

8 

831 

REACTION  GROWTH  OR  DECAY,  LOW-AMP  SHOCKS 

7 

970 

PARAMAGNETIC  DECOMPOSITION  PRODUCTS 

8 

734 

REACTION  PHASESt  GRANULAR,  BINDER,  GASEOUS 

7 

396 

PARTICLE  SIZE  EFFECT,  CAST  PBX 

8 

902 

REACTION  RATE  ACCURACY,  LAGRANGE  ANAL,  GAUGE 

7 

466 

PARTICLE  SIZE  EFFECT,  SMALL-SCALE  GAP 

S 

259 

REACTION  RATE  LAW,  NITROMETHANE  MODELING 

7 

611 

PARTICLE  SIZES.  RATE  STICK  VELOCITIES 

2 

131 

REACTION  RATE  THEORIES,  D  Vt  d,  3  EXTANT 

2 

519 

PRESSURE  AND  HEAT  RISE  EFFECTS,  MODEL 

7 

523 

REACTION  RATES,  ELECTROMAGNETIC  GAUGES 

B 

99 

REACTION  PRODUCTS,  THEORETICAL  EOS 

7 

716 

EM  GAUGE  DATA 

8 

83 

RETARDED  DETONATION,  TRICKS  (CHICANERY) 

6 

226 

LAGRANGE  t  IN  SITU  GAUGES 

7 

466 

RUBBER -BONDED  SHEET  EXPLOSIVE 

4 

496 

NOZZLE,  CURVED  FRONT,  D  HEAD 

2 

522 

SENSITIVITY  WITH  AMMONIUM  NITRATE 

7 

804 

REACTION  ZONE,  CAST  TNT 

2 

376 

SENSITIVITY,  GAS  COMPRESSION 

7 

7 

CONDENSED  HE,  PMT  6  SCOPE 

4 

602 

SHOCK  HUOONIOTS  1  INITIATION  THRESHOLD 

5 

219 

DETONATION  HEAD  OF  HIGH-P  GAS 

2 

749 

SINGLE-CRYSTAL  TESTS,  PROPERTIES 

2 

470 

EFFECT,  STEADY  AXIAL  WAVE 

7 

661 

SOLID,  IN  MODIFIED  GAP  TEST 

7 

310 

ESTIMATE  FROM  SURFACE  VELOCITY 

1 

92 

SPECTRA,  UNDER  SHOCK  AND  AT  REST 

7 

73 

H2-O2  6  ACETYLENE-O2  MIXTURES 

2 

193 

STEEL-CONFINED,  DDT  STUDIES 

7 

139 

HETEROGENEOUS  EXPLOSIVES 

7 

641 

STRUCTURE  AND  PROPERTIES 

7 

546 

LENGTH 

3 

327 

TEMPERATURE,  MEASURED  AND  CALCULATED 

8 

558 

LENGTH,  t  CJ  PRESSURE  MEASURED 

2 

343 

THERMAL  DECOMPOSITION  <  MELTING  POINT 

7 

75 

LENGTH,  (  TEMPERATURE  VARIANCE 

1 

S3 

THERMAL  INITIATION  AND  GROWTH 

5 

280 

LENGTH,  CURVED  WAVE  FRONT,  D 

1 

96 

TUNGSTEN  FLYER,  CONVERGENT  FLOW 

7 

826 

LENGTH,  EFFECT  ON  CURVATURE 

2 

509 

V-d  CURVES,  WAVE  SHAPE  Vt  d,  KINETICS 

2 

733 

LENGTH,  TATS  FORMULATIONS 

6 

652 

VOLUME  DISPLACED  BY  DROP- IMPACTED  SAMPLE 

3 

8 

LENGTH,  TATS,  FRONT  CURVATURE 

6 

642 

WAVE  CURVATURE  Vt  CHARGE  LENGTH 

2 

506 

LENGTH,  TATS, HMX. WAVE  CURVATURE 

8 

159 

WEDGE  TEST  WITH  SMEAR  CAMERA  RESULTS 

3 

504 

LENGTH,  CD  6  CURVATURE  RADIUS 

2 

424 

X-RAY  AND  INFRARED  STUDIES,  BONDS 

7 

779 

PARAMETERS,  ANALYSIS  4  MODEL 

7 

362 

XTALS,  FINE  «  COARSE,  PHOTOMICROGRAPHS 

8 

904 

PRESSURE  ■  CJ  PRESSURE 

3 

396 

RDX-LOADEO  EBW  INITIATION 

4 

452 

PREVENTING  CJ  PRESSURE  DATA 

4 

526 

ROX/Al,  DEFLAGRATION  VELOCITY,  ELECTRIC  PROSE 

4 

616 

PROFILES  IN  DETONATING  HE 

7 

1029 

ELECTRIC  SPARK  INITIATION  TESTS 

3 

706 

SEPARATION--WAVE  FRONT,  EFFECT 

6 

414 

RDX/Al/PBX,  SENSITIVITY  A  PERFORMANCE,  SOOT 

8 

1132 

STRUCTURE,  NON  IDEAL  IN  CAS 

4 

107 

RDX/AN/MAN,  CYLINDER  TESTS  Vt  BKW  EOS  (TIGER) 

6 

439 

THICKNESS  CALCULATION 

4 

96 

ROX/AP  PROPELLANT,  INPUT  PARAMETERS 

6 

350 

THICKNESS  DATA,  CURVATURE  TEST 

4 

90 

RDX/BORON,  V  Vt  d,  REACTION  KINETICS 

2 

733 

WIDTH,  PREDICTED  FOR  NM 

4 

395 

RDX/HTPB  BINDER.  DIVERGING  DETONATIONS 

7 

400 

REACTIVE  CASES,  AIRBLAST  EFFECT  FROM  HE 

8 

207 

ROX/POLYBUTAOIENE,  CX-SA  EXPLOSIVE 

8 

361 

REACTIVE  EULER  IAN  HYDRODYNAMIC  CODE,  3DE 

7 

669 

FRENCH  EXPLOSIVE 

7 

316 

REACTIVE  EXPLOSION  MODEL 

8 

209 

RDX/TNETB,  DESENSITIZATION  WITH  WAX,  08/100 

3 

688 

REACTIVE  FLOW,  LAGRANGE  ANALYSIS  (RFIA) 

7 

466 

RDX/TNT,  ADDITIVES,  BURNING  AND  IGNITABILITY 

8 

251 

MATHEMATICAL  ANALOG 

7 

448 

Al  OR  LIF  ADMIXTURES,  EFFECTS 

6 

510 

REACTIVE  HEAT  FLOW  MODELS,  HMX, TATS, RDX, TNT 

7 

56 

CRYSTAL  STRUCTURE,  SENSITIVENESS 

3 

666 

REACTIVE  HYDRODYNAMIC  (20)  CALCULATIONS 

6 

405 

INITIATION,  PRESSURE  VARIATION 

8 

143 

REACTIVE  MULTIPHASE  MIXTURES 

a 

501 

KINETIC  PARAMETERS 

7 

75 

REACTIVE  SHOCK  WAVES,  MODEL 

8 

943 

RDX/TNT,  KINETICS  OF  SIMULATED  INITIATION 

8 

196 

REE‘t  PRX-9404  MODEL  vt  DATA 

8 

513 
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REri.ECTED  SHOCK,  PRESSURES  &  ANGLES,  CALC  5  SB7 

RAREPACTION,  N-T  PLOT  4  540 

TATI  STUDY  AND  MODEL  8  138 

REFLECTED  WAVE  VELOCITY  V*  PARTICLE  velocity  2  3?7 

REFLECTED  WAVES  IN  OVERDRIVEN  COMP  S  4  49 

REFLECTED-WIRE  TECHNIQUE,  DETONATION  P  8  422 

REFLECTION  AND  RAREFACTION  TESTS,  PBX  9404  8  591 

REFLECTION'CHANGE  FLASH  GAP  TEST,  D,  P  5  13 

REGRESSION  RATE,  DEFLAGRATION  AT  >1  kbir  6  195 

REGRESSIVE  BURNING  RATE,  PRESSURE  EFFECT  7  188 

REINITIATION  IN  A  DARK  WAVE,  PROPANES  5  97 

RELATIVE  DETONATION  IMPULSES,  PREDICTION  7  954 

RELEASE  STRESS'STRAIN  PATH,  ELASTOPLASTICITY  4  290 

RELEASE  WAVE  APPROXIMATION,  POLYTROPIC  EOS  3  275 

RELEASE  WAVES  IN  PMMA,  PROPAGATION  SPEED  5  589 

REQLIt,  BOOSTER  STUDY,  CRITICAL  DIAM  t  MASS  4  435 

RESISTIVITY,  ELECTRICAL  EFFECTS  OF  DETONATION  3  120 

ELECTRICAl/MAONETIC  FIELD  3  112 

SHOCKED, INHOMOGENEOUS  SOLID  HE  3  505 

Vt  TEMP  CURVE,  HE  AT  HIGH  TEMPS  3  83 

RETARDED  DETONATION,  VELOCITIES  >  SURN  RATES  8  225 

RETONATION  PHENOMENON,  SOLID  EXPLOSIVES  8  93 

RETONATION  WAVE  EFFECT,  P08ITIVE/N£0ATIVE,DDT  1  48 

RETONATION,  REFLECTION  OF  DIVERGENT  WAVES  4  428 

RETARDED  DETONATION,  8CHIKANES  8  225 

SHXN,  DETONATION  CURVES  7  355 

REVERBERATION  TIME, SPALLED  8  NONSPALLED  AREAS  8  488 

REX-20,  LIQUID  HE,  CHARACTERIZATION  6  487 

RGPA,  SENSITIVITY  AND  EXPLOSIVENESS  8  285 

RICHTMYER-VON  NEUMANN  «q"  NETIIOO  3  815 

RICSHAW  MODEL,  1D  UNSTEADY  FLUID  DYNAMICS  6  629 

B«  ELASTIC  PRECURSOR  WAVE  5  470 

RICSHAW,  ID  UNSTEADY  COMPRESSIBLE  FLUID  FLOW  8  477 

10  UNSTEADY  FLOW  MXEL  5  SOI 

RIEHANN  PROBLEM,  MESH  CELL  SPACING  7  799 

RIGIDITY  EFFECT  ON  SHXK  WAVES  IN  Al  8  Cu  4  277 

RISE  TIME,  MAGNETIC  DIFFUSION  EFFECTS  7  1088 

RISK  EVALUATION,  EXPLOSIVES'  SENSITIVITY  8  272 

RISK  TESTING, SINGLE-  8  DOUALE-BASE  PROPELLANT  8  299 

RMX-11-AY,  MEASUREO  DETONATION  PRESSURE  5  85 

ROTATINQ-MIRROR  CAMERA,  SPLIT  CHARGE  8  WEDGE  4  242 

ROTATING'MIRROR  SHEAR  CAMERA,  U(,  2  330 

ROTATINQ-MIRROR  STREAK  CAMERA,  SCHEMATIC  8  124 

ROTTER  PROCEDURE,  IMPACT  MACHINE  TECHNIQUE  3  880 

RUBBER -BONDED  PETN  SHEET  EXPLOSIVES  4  496 

RUBY  CODE,  CJ  tSENTROPE  FROM  K-W  EOS  4  31 

EXPLOSIVES  PERFORMANCE  V*  COMP  B'S  4  3 

RUN  DISTANCE  VI  PRESSURE  8  TIME,  SOLID  HE  4  237 

RUN  TO  DETONATION  IN  TATB,  POP  PLOTS  8  380 

HUNA'WAY  BURNING,  TNT,  COMP  B,  RDX  MOOFLS  7  175 

RUNUP  DISTANCE,  HE-WAX  SENSITIVITY  7  338 

RX-OS-BB,  20  SHXK  MODEL  7  488 

RX-04,  -05,  -09  CYLINDER  TEST  RESULTS  4  5 

RX-04-P-1,  CURVATURE  RADIUS  EFFECTS  4  88 

RX-23,  CJ  PROPERTIES,  OXYGEN  BALANCES  8  547 

RX-23-AA,  -AS  ISLNTROPE  BEHAVIOR  7  942 

-AB,  -AC  CJ  PARAMETERS  8  713 

RX-23-AB,  r>OSTDETONATION  PROPERTIES  7  847 

RX-26-AE  (HHX/TATB),  CHEMICAL  DECOMPOSITION  7  56 

RX-26-AF  (HMX/TATB),  SHXKED  7  325 

RX-26-AF,  EOS  ABOVE  CJ  PRESSURE  6  587 

RX-26-AY  DETONIC  PROFILES  7  1032 

RX-36,  HMX/YATB/BTF,  CYLINDER  TEST  DATA  8  1020 

S-U  EOS  FOR  UNDERWATER  SHOCK  WAVES  6  570 


SABOT,  Al,  FRAGMENT-CAUSED  VULNERABILITY  7  328 

SAFETY  CERTIFICATE  TESTING,  lENBITIVENESS  3  859 

SANDWICH  RESISTANCE  WIRE  WALL  PROBE, TRACE,DDT  4  818 

BAP,  1DL  SPHERICALLY  SYMMETRIC  BURN  CODE  5  467 

SAPPHIRE  FLYER,  SHORT-PULBE  INITIATION  7  860 

SAPPHIRE  WINDOW,  FLYER,  VACUUM  OR  OAl  SHOTS  7  931 

SCANNING  ELECTRON  KICROORAPHS,  ITX  8  482 

EUTECTICS  7  550 

SCHIPPEL  EFFECT,  STRETCHED  IHEBT  EXPLOSIVES  4  499 

SCHLIEREN  PHOTOS,  INITIATION,  ACETVLENE-O2  2  270 

PRECURSOR  SHOCK,  PETN/NtCl  8  1072 
SCHOTTKY-IARRIER  REGION,  CONTACT,  MtlOEL  8  390 

ICOTCHLITE  PHOTOS,  CASING  EFFECT  ON  AIRBLAST  8  762 

SDT,  INSTRUMEMTED  SHOTGUN  TESTS  7  301 

POP  PLOTS  FOR  FOUR  TATS  COMPOUNDS  8  380 

I'OROUS  HE  CHARGES  IN  PLASTIC  TUBES  7  301 

RELATED  TO  DDT  7  139 

THIN-PLATE  IMPACTS,  PROJECTILES,  WEDGES  8  902 

THRESHOLD,  CRITICAL  INITIATING  PRESSURE  5  207 

TUO'PHASE  MULTICOMPONENT,  PBX  9404  8  943 

SDT/ODT  C'JMSINED  MODEL  8  982 

BE-T  DETONATOR,  MODIFIED,  BTX  STUDY  6  482 

SECONDARY  EXPLOBlVEt,NIT!1AT£D,BONO  POLARITIES  7  71 

SELP-PREBSURIZING  BOMB  EXPERIMENTS  7  172 

SELF-SUBTAININQ  DETONATION,  EAK  I  EAKL  8  118 

SENICONDUC1DR  JUNCTIONS,  SHOCK  EFFECTS  5  403 

SENSITIVENESS,  BULLET  TEST  2  880 

COMBUSTION  DATA  2  843 

DETONATION,  HE.  TESTS  2  601 

ENERGY  RELEASE  RATE  2  695 

HEAT  OF  EXPLOSION  Q  2  643 

LIMIT,  PRESHOCKED  RECEPTORS  3  176 

TESTS,  EXPLOSIVE  PROPERTIES  3  659 

SENSITIVITY  ANALYSIS,  EOS  PARAMETERS  8  770 

SENSITIVITY  AND  PERFORMANCE  DATA,  GAP,  MODEL  8  1131 

SENSITIVITY  OF  LIQUID  HE,  NM,  TNM,  Vtc.  4  412 

SENSITIVITY  RELATIONSHIPS,  MOLECULAR,  OB/100  3  671 

SEHSITIVITY  TEST,  BURNING,  0AP,30-kg  IMPACT  7  541 

COg  LASER  0  473 

COLLIDINQ-BALL  HE  IMPACT  3  1 

DIRECT  CONTACT  WITH  BHXKS  4  404 

FLYER  IMPACTS  HE  ON  ANVIL  3  420 

IHE,  LABORATORY  SCALE  7  965 

IMPACT,  NENKIN,  WEDGE, PLATE  7  604 

IMPACT,  THERMAL,  SPARK  OAP  6  353 

MULTIVARIATE  APPROACH  6  272 

SENSITIVITY,  BOND  POLARITY  EFFECTS  7  68 

IMPACT  VB  087100  3  874 

MATHEMATICAL  DEFINITION  3  40 

NOT  AQSOLUTE  CRITERION  1  109 

VI  DELAY  TIMES  3  80 

SENSITIZING  EFFECT  OF  POLYMERS  7  24 

SERVICE  LEAD  AZIDE  v»  OEXTRINATED  LEAD  AZIDE  2  711 

SETBACK  SIMULATION,  ACTIVATOR  TESTS  8  1080 

SETBACK-SHXK  SIMULATOR,  BASE  GAP  EFFECT  7  <>14 

SHAPE  FACTOR  IN  DIAMETER  FOR  INITIATION  7  273 

SHAPED  CHARGES,  BALLISTIC  COEFFICIENT  8  630 

DETONATION  WAVE  FRONT  7  751 

INITIATION,  COMP  B  7  352 

INITIATION,  TEST  AND  MODEL  8  337 

LINER  COLLAPSE,  LIGHT  TRACER  1  31 

TEMPERATURE  MEASUREMENT  6  691 

TO  DISRUPT  AND  DETONATE  8  318 

SHARP  SHXK  CALCULATION,  SPHERICAL  SHOCK  WAVE  6  528 
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IHAAP  IHOCK,  LAQRANCIAN  ARTIFICIAL  VISCOSITY  6  529 
SHEAR  BAND  FORMATION,  SHOCK  LOADING,  COMP  B  B  1119 
SHEAR  BAND  NUCLEATION,  GRANULAR  HE  S  35 

SHEAR  BANDS,  THERMAL  MODEL  7  36 

SHEAR  DEFORMATION, FRAGMENT  ATTACK,CONFINED  HE  7  104B 
SHEAR  IN  IMPACT  INITIATION  S  294 

SHEAR  MECHANISM,  IMPACT  INITIATION  S  1150 

SHEAR  VELOCITY  AT  THERMAL  ENPLOSION  7  41 

SHEAR  VELOCITY  IN  D I -CONSTITUENT  EXPLOSIVES  8  1120 
SHEAR,  CHEMICAL  REACTION,  FRACTURE  RESULT  8  246 
ROLE  IN  HOT-SPOT  GENERATION  7  970 

SHEAR- INITIATED  IGNITION  7  144 

SHEAR-RELATED  IGNITION  MECHANISM  7  1050 

SHEET  EXPLOSIVE,  RUBBER-BONDED  PETN,  RDX,  TNT  4  496 
SHELL,  2DE  CYLINDRICALLY  SYMMETRIC  CODE  5  487 

SHIELDING  EFFECTS,  ID  MODEL  8  1139 

SYMPATHETIC  DETONATION  7  1059 

SHIELDING  MATERIALS,  HIGH  VI  LOU  IMPEDANCE  8  1139 

SHOCK  AMPLITUDE,  GROWTH  &  DECAY  CONDITIONS  6  379 

SHOCK  AND  DETONATION  WAVE  INTERACTIONS  7  669 

SHOCK  AND  LASER  INITIATION  7  797 

SHOCK  AND  SHEAR  MECHANISM,  FRAGMENT  IMPACT  8  1150 

SHOCK  ATTENUATION  IN  LUCITE  AND  WATER  3  589 

SHOCK  BEHAVIOR  OF  NONREACTINO  POROUS  SOLIDS  4  266 

SHOCK  BREAKUP  BY  IMPROVED  SHIELDING  8  1139 

SHOCK  COMPRESSION,  SOLID  8  POROUS  HE  6  5 

SHOCK  DESENSITIZATION  MODEL  8  52 

SHOCK  DESENSITIZATION  OF  PBX  9404  8  COMP  B-3  8  1057 

SHOCK  DISCONTINUITY  ZONE,  CHEMICAL  ACTION  7  791 

SHOCK  EFFECT  ON  AROMATICS  AND  AL1PHATIC8  7  793 

SHOCK  ENERGY  FLUENCE,  SHORT  PULSE  EFFECT  6  68 

SHORT-PULSE  EFFECT  6  68 

SHOCK  FRONT,  ANGLE  Cq/O,  7000  n/l.  NONPLANAR  1  53 

CURVATURE,  TEST  SETUP,  PMMA  5  478 

ENERGY,  REACTIVE/NONREACTIVE  4  584 

PRESSURE  VI  MATERIAL  THICKNESS  2  328 

VELOCITY  BY  STREAK  CAMERA  RECORD  4  440 

SHOCK  GENERATION  IN  DEUTERIUM,  LASER  PULSE  5  361 

SHOCK  HEATING,  MECHANISMS  OF  8  68 

SHOCK  HUQQNIOT  OF  UNREACTED  EXPLOSIVES  5  251 

SHOCK  IMPEDANCE  8  PRESSURE  BOUNDARIES  4  274 

SHOCK  IMPEDANCE  MEASUREMENTS  OF  CJ  STATE  5  526 

SHOCK  IMPEDANCE  MISMATCH  EQUATION,  PRESSURE  3  359 

SHOCK  INITIATION,  8  DETMATION  FAILURE  MODEL  5  177 

AND  P^r  6  82 

BURN,  UNDERWATER, SOL  ID  HE  4  487 

CORRELATING  RESULTS  7  887 

CRITICAL  CONDITIONS  7  316 

DENSITY  FUNCTION,  TATS  7  429 

H-6  8  PBXU-109  7  308 

HISTORICAL  WORK  3  786 

IN  LIQUID  EXPLOSIVES  3  813 

LOW-DENSITY  PRESSINGS,  AP  4  359 

MECHANISM  6  89 

MODEL,  EVALUATING  NEW  7  857 

MODEL,  HOT-SPOT  SASED  7  459 

MODEL,  HOT-SPOT  BASED  7  506 

NM,  HYPERVELOCITY  WAVE  3  304 

NM,  LIQUID  TNT,  DINA,  3  469 

NONIDEAL,  PROPELLANT  7  620 

PBX  9404,  HMX/TATB  7  325 

PLOT,  SHORT  DURATION  4  376 

SOLID  EXPLOSIVES  3  499 

SHOCK  INITIATION,  TATS  AND  HMX  COMPOUNDS  8  892 


SHOCK  INITIATION,  THRESHOLD  DATA,  TATB  8  5 

THRESHOLDS,  Ht-DENSITY  HE  5  219 

TWO-DIMENSIONAL  MODEL  7  488 

TWO-PHASE  MODEL  7  435 

SHOCK  INSENSITIVITY  OP  NO,  ELECTRON  DENSITY  8  839 

SHOCK  INTERACTION,  THEORY  Vt  RESULTS  6  496 

DENSITY  DISCONTINUITIES  4  394 

SHOCK  INTERSECTIONS,  COLLISION  EFFECTS  5  119 

SHOCK  LOCUS,  SONIC  LOCUS  CALCULATIONS  6  352 

SHOCK  PASS-HEAT  FILTER  TEST,  NOL  CARD  GAP  7  266 

SHOCK  POLARS  FOR  PERFECT  GAlt  GAMMA  >1.4  5  129 

SHOCK  POLARS,  2  MACH  STEMS,  X  P  0  6  574 

SHOCK  PRESSURE,  AQUARIUM  TESTS  7  1016 

HIGH  FOR  CHEMICAL  REACTION  3  840 

INCIDENCE  VS  REFLECTION  ANGLE  6  497 

WATER,  END  8  LATERAL  4  95 

SHOCK  PROFILES  < RADIAL  VS  AXIAL  DISTANCES)  5  483 

SHOCK  PROPAGATION,  CONDENSED  MATERIAL  7  780 

LOW  INTENSITY  SHOCK  8  893 

SHOCK  REACTION  TIME  TEST  SETUP  5  95 

SHOCK  RELATIONS  TO  GET  PRESSURE,  SHOCK  FRONT  2  433 

SHOCK  RETARDATION  IN  CLASTIC  MEDIA,  CRACKS  6  268 

SHOCK  SENSITIVITY  TEST  7  479 

SHOCK  SENSITIVITY,  50X  THRESHOLDS,  PREHEATING  5  223 

CARD  GAP  TEST  7  278 

EXPLODING  FOIL  .  7  924 

GAP  TESTS  8  228 

NUMERICAL  MODELING  7  479 

REACTION  THRESHOLDS  8  1135 

TATS/HNX  MIXTURES  7  573 

THRESHOLDS  5  207 

TNT,  MULTIPLE  SHOCKS  7  906 

vs  PARTICLE  SIZES  83 

SHOCK  STRENGTH,  CRITICAL  FOR  INITIATION  4  179 

SHOCK  TEMPERATURE  Vt  PARTICLE  VELOCITY,  TNT  2  371 

SHOCK  TEMPERATURE  Vt  VELOCITY,  DIAMETER  6  332 

SHOCK  TUBE  PROFILE  8  SETUP,  LEAD  AZIDE  3  24 

SHOCK  VELOCITY,  INERT  MONITORS  ON  HE  5  23 

LUCITE  8  WATER,  SMEAR  DATA  3  593 

PMMA  vt  DISTANCE  4  219 

8CHLIEREN  PHOTOS  4  555 

Vt  DISTANCE,  TNT,  COMP  B,...  5  25 

Vt  PARTICLE  VELOCITY,  PMMA  4  231 

Vt  PRESSURE,  OVERDRIVEN  HE  5  533 

SHOCK  WAVE,  8  INITIATION  DATA  FOR  SOLID  HE  4  233 


COMPRESSION  OF  PLEXIGLAS, 3 -20  kbar  4  222 


CONVERGING  CYLINDRICAL  1  79 

DECAY  IN  SOLIDS  8  Al  SPALLINGS  3  253 
EFFECT  ON  POROUS  SOLID  4  258 

EVOLUTION,  CHEMICAL  KINETICS  6  379 
EXPLOSIVE  DECOMPOSITIOM  6  29 

FOLLOWING  COMPRESSION  WAVE,  PHOTO  4  572 
GROWTH  MOOES,  HE  INITIATION  6  47 

INITIATION  MODEL,  HETEROGENEOUS  HE  6  371 
INTERACTION  WITH  CONDENSED  HE  7  778 
INTERACTIONS, FRAMING  CAMERA  RECORD  6  581 
PARAMETERS  FOR  4  PBX  9404  MODELS  6  568 
PARAMETERS  FOR  MACH  WAVES  IN  WATER  5  588 
PERSPEX,  PRESSURE  EFFECTS  4  156 

PRESSURE,  ATTENUATOR/HE  INTERFACE  3  500 
PROPAGATION  VELOCITY,  MEASURED  3  420 
RESEARCH  ON  INERT  SOLIDS  4  321 

SOLIDS,  Al  ■  COMP  S,  TNT  1  88 

SHOCK  WAVE,  STRUCTURE  IN  SOLIDS,  EXPERIMENTAL  4  566 
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SHOCK  WAVE,  TEMPERATURE,  RAMAN  SCATTERING  7  1011 
UNDERWATER,  TWIN  SPHERES  5  561 

SHOCK  WIDTH  6  IMPULSE  vo  Q  I  GAMMA  6  563 

SHOCK* FOCUS I NO  MECHANISM,  HOT  SPOTS  6  371 

SHOCK- IMPEDANCE'MATCKINO  INFRARED  WINDOW  ,  7  993 

SHOCK- INDUCED  BOND  SCISSION  7  779 

SHOCK- INDUCED  DECOMPOSITION, FOREST  FIRE  MODEL  7  234 
SHOCK- INDUCED  ELECTRICAL  POLARI2ATION  IN  HE  5  429 
SHOCK- INDUCED  PHASE  TRANSITIONS  4  248 

SHOCK- INDUCED  POLARI2ATION,  HOMOGENEOUS  HE  6  143 

SHOCK- INDUCED  REACTION,  IR  EMISSION  7  993 

SHOCK* INDUCED  SIGNALS  FROM  DIELECTRICS  5  387 

SHOCK* INDUCED  SYMPATHETIC  DETONATION, SOL ID  HE  3  520 
SHOCK- INDUCED  THERMAL  RISE  MODEL  6  89 

SHOCK-TO-DEFLAORATION  TO  DETONATION  (SDDT)  8  1131 

SHOCK-TO-DETONATION  TRANSITION,  (SOT)  7  265 

ID  MODEL  3  792 

RESULTS  8  307 

LIGHT  EMISSION  4  607 

SHOCK-WAVE  LUMINOSITY/PROOUCT  LUMINOSITY  2  576 

SHOOTING  VI  BARRIER  TEST  RESULTS,  VELOCITIES  4  432 
SHORT-  8  LONG-PULSE  INITIATION  THRESHOLD,  HNS  6  745 
SHORT-,  LONG*, SUSTAINED-PULSE  INITIATION, TATB  6  757 
SHORT-DURATION  SHOCK  INITIATION  OF  SOLID  HE  4  373 
SHORT-PULSE  SHOCK  INITIATION,  GRANULAR  HE  7  657 

SOLID  HE,MODEL  8  951 

SHORT-PULSE  SHOCK  SENSITIVITY  TESTS  7  924 

SHORT-SHOCK  INITIATION  MODEL  8  52 

SHORT-SHOCK  INITIATION  OF  TATB  7  385 

SHOTGUN  TEST,  20E  8  FOREST  FIRE  MODELS  7  479 

SHOTGUN,  INSTRUMENTED  FACILITY,  PROPELLANTS  7  299 

SILICA  IMPACTOR,  SHORT-PULSE  SHOCK  STUDY  7  860 

SILVER  AZIDE  DETONATION  BY  LIGHT  2  547 

SILVER  AZIDE,  HOT-WIRE  INITIATION  5  339 

SIMILARITY  SOLUTION,  REACTIVE  TAYLOR  WAVE  8  1026 

SINGLE  CUBICAL  AIR-HOLE  STUDY  8  45 

SINGLE-CRYSTAL  DETONATION,  PREPARATION,  TESTS  2  469 

SINGLE-CRYSTAL  EXPERIMENTS,  EARLY  WORK  3  791 

SINGLE-PORE  DEFORMATION,  MODEL  7  436 

single -SHOCKED  SUPRACOMPRESSION  TESTS  6  590 

SINGLE-SPECIES  EQUIVALENT,  JCZ3  EOS  7  721 

SIZE  FACTORS  IN  DETONATION  TRANSFER  4  442 

SKID  TEST  (AWRE)  VS  LABSET  RESPONSE  7  19 

SKID  TEST  RESULTS,  TATB/HMX  MIXTURES  7  570 

SKID  TEST  Vt  LABSET  DATA,  EXPLOSIVENESS,  HMX  8  1039 

SLAPPER  DEVICE,  AIR/GAS  EFFECTS  7  930 

SLIC  METHOD,  ADVECTED  VOLUME,  TRANSPORT  MODEL  7  696 

SLIPPAGE  ROUTINE  IN  LAQRANGIAN  FLOW,  MODEL  3  234 

SLURRY  BLASTING  AGENTS,  CHARACTERIZATION  6  729 

SLURRY  EXPLOSIVE,  AXIAL  INITIATION  STUDY  4  159 

COOK-TYPE,  BOOSTER  4  435 

CS  EOS  A  805 

DIAMETER  EFFECT  8  168 

ELEMENTAL  COMPOSITION  8  810 

IMPACTED,  HOT  SPOTS  MODEL  7  343 

PERFORMANCE,  REACTION  MODEL  8  985 

SHALL  DIVERGENT  DETONATION  THEORY  8  176 

SMALL-CALIBER  CASELESS  AMMUNITION  SENSITIVITY  6  682 

SMALL-SCALE  DENT  TEST,  SETUP  2  760 

SMALL-SCALE  GAP  TEST,  ASSEMBLY  4  401 

CORRELATING  7  888 

INTERSTITIAL  GAS  4  349 

MECHANISM  OF  INITIATION  3  794 

SMALL-SCALE  0A«>  TEST,  RESULTS,  HMX/Vtton  4  90 


SMALL-SCALE  GAP  TEST,  SETUP,  AXIAL  AIR  GAPS  2  623 

SMALL-SCALE  PLATE  DENT  TEST,  ENERGY  RELEASE  3  744 

SMALL-SCALE  THERMAL  TEST,  IHE  SENSITIVITY  7  965 

SMEAR  CAMERA  RECORD,  ID  I  2D  TESTS  4  269 

CYCLOTOL  WEDGE,  U,  3  502 

NITROMETHANE  INITIATION  3  485 

SMOKELESS  POWDER  (E.C.  BLANK  FIRE),  DDT  STUDY  1  60 

SOOATOL,  WAVE  SHAPE  STUDIES,  R/d  2  503 

SODIUM  NITRATE  (SN),  EOS  OF  TNT/NANQ3  50/50  2  519 

SODIUM  SULFATE  ADDITIVE  IN  RDK/TNT  5  465 

SOLID  HE  8  OTHER  SOLIDS,  PROPERTIES,  MODEL  4  555 

SOLID  HE  DECOMPOSITION,  HOT-SPOT  REACTION  6  29 

SOLID  HE.  PLANE  SHOCK  WAVE  INITIATION  3  499 

SOLID-STATE  MODEL  FOR  DETONATIONS  2  404 

SOLID/LIQUID  RATIOS  (S/L)  OF  HE,  MODEL  7  343 

SONIC  ANGLES  CALCULATED  FOR  COMP  B  8  NH  4  154 

SONIC  OR  QUASI -SONIC  DISCONTINUITY  7  635 

SONIC  POINT  IN  STEADY  AXIAL  WAVE  7  664 

SOPHY  GAP  TEST  DATA  FOR  AAB  3267  7  892 

BOUND  SPEED  o  DEFINED,  THERMODYNAMIC  IDENTITY  3  543 

SOUND  VELOCITY,  (EULER'S)  DETONATION  OASES  1  74 

POROUS  BED  UNLOADING  6  653 

SPACE  vs  TIME.  SHOCK  INITIATION  IN  SOLID  HE  4  233 

SPACE-TIME  HISTORY,  PROPAGATION  DETONATION  5  108 

SPALL  CALCULATIONS  FOR  Al,  SCALING  LAWS  3  253 

SPALL,  MESH  CALCULATION  8  WAVE  DIAGRAM  4  548 

spalling  (SCABBING),  STRESS  HAVE  RESULT  1  33 

SPALLING  DETECTION,  COMP  B  TESTS  8  MODEL  6  477 

SPALLING  IN  NICKEL  PLATE,  PHERMEX  RADIOGRAPH  4  646 

SPALLING  MECHANISM,  CALCULATION,  FOR  COPPER  5  567 

SPALLING  UNDER  OBLIQUE  IMPACT  5  573 

SPARK  INITIATION  IN  ALUMINIZED  HE  3  706 

SPECIFIC  HEAT  RATIO  EFFECTS  ON  LIQUID  HE  7  374 

SPECTRAL  DISTRIBUTION  OF  LIGHT,  INITIATION  5  153 

SPECTRAL  RESPONSE  AND  EMISSION  FOR  FLYER  7  934 

SPECTROGRAMS  OF  SHOCKS  IN  ARGON  8  AIR  1  66 

SPECTROSCOPY,  REAL-TIME,  DETONATING  HE  8  691 

TIME-RESOLVED  IN  VACUUM  5  560 

SPECTRUM,  OPTICAL  ABSORPTION,  LEAD  AZIDE  7  740 

SPHERICAL  DETONATION,  CONVERGING,  SOLID  HE  7  602 

DIVERGENT  HAVES  5  31 

SURFACE,  LINER  VELOCITY  6  521 

WAVE  INTERACTIONS  7  671 

SPHERICAL  EXPLOSION  SHOCK  WAVES  IN  WATER  6  570 

SPHERICAL  INITIATORS  8  CHARGES,  UNDERWATER  5  600 

SPHERICAL  PORE  COMPACTION  CELL  MODEL,  P  VI  V  8  915 

SPHERICAL  SHOCK  WAVES  IN  CONDENSED  HE,  MODEL  6  528 

SPHERICAL  SHOCK  WAVES  IN  WATER,  TWIN  SPHERES  5  581 

SPHERICAL  VI  CYLINDRICAL  vi  PLANE  DETONATION  5  41 

SPHERICAL  WAVE  FRONTS,  HAVE  SHAPE  STUDY  2  504 

SPHERICALLY  DIVERGING  DETONATION  WAVES  8  151 

SPHERICITY  ANALYSIS,  STREAK  CAMERA  RECORD  5  32 

SPIN  DETONATION.  VISCOSITY  EFFECT  7  796 

SPIN  FREQUENCY  AS  FUNCTION  OF  TUBE  DIAMETER  1  51 

SPIN  HAMILTONIAN  PARAMETERS,  NITROSO  RADICALS  8  745 

SPIN  TRAPP I  NO  SPECTRAL  DATA  8  737 

SPIN,  SPOT  SPIRALING  ALONG  TUBE,  COMBUSTION  1  44 

SPINNING  DETONATION,  PROPAGATING  H2-O2  2  269 

RETONATION  WAVE  1  48 

SPIS-44  (HMX/AP/Al)PROPELLANT,  NONIDEAL  7  620 

SPLIT-CHARGE  EXPERIMENT,  LOWER  PRESSURE  4  241 

SQUIB-  8  PISTON- INITIATED  HMX  MODEL  8  914 

SQUIB-IGNITED  DDT  TUBE,  80K  COMPACTION  8  917 

SRI-1,-2,-3,-4,-5,  LIQUID  HE  CHARACTERIZATION  6  469 
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STABILITY  OF  PLANAR,  STEADY  WAVE  FRONT  4  73 

STABILITY  PROPERTIES  OF  NEW  LIQUID  NEt  6  471 

STAGGER  SCHEME,  SHOCK  B  CONSTANT  STATE  POINTS  3  214 
STARTCX  <0ITiU)  BOOSTERS,CRITICAL  DIAH  t  HASS  4  435 
STATIC  PORE  COLLAPSE  MODEL  8  964 

STATIC  STABILITY  BOUNDARY,  DEFLAGRATION  WAVES  6  283 
STATISTICAL  MECHANICAL  THEORY,  CHEQ  MODEL  8  502 
STATISTICAL  MECHANICS,  POSTDETONATION  7  646 

STEADY  AXIAL  PLANE,  REACTION  ZONE  EFFECT  7  661 
STEADY  AXIAL  WAVE,  DETONATION  STATE  LOCI  7  666 
STEADY  CONDENSATION  AIR  SHOCKS,  WATER  VAPOR  2  296 
STEADY  DETONATION  IN  20  FLOW,  SLAB  B  CYLINDER  1  52 

BTEAOY  PLANE  REACTION  ZONE,  ZND  MODEL  7  532 

STEADY  Vt  OVERDRIVEN  HAVES,  ACETYLENE>02  MIX  2  203 
STEADY'STATE  DETONATION  WAVE,  FINITE  RATE  2  312 
STEADY'-STATE  DETONATION,  TIHE'DEPENDENT  MODEL  4  520 
STEADY-STATE  PLANE  DETONATION  HAVE  (SlPO)  2  425 

STEADY-STATE  PLANE  DETONATION  WAVE  STRUCTURE  3  791 
STEEL,  4340,  EFFECT  ON  WAVE  PROPAGATION  4  295 

STEP  SHOCK  SOLUTION  IN  PLANAR  FLOW  4  503 

STILBENES,  IMPACT  SENSITIVITY  AND  OB/100  3  681 

STONG  POINT  EXPLOSION  IN  A  COMBUSTIBLE  MEDIUM  6  590 
STRAIN  RATE  SENSITIVITY,  HMX  8  645 

STRAIN  RATE  VI  STRAIN  CURVES  FOR  COMP  B  3  432 

STRAIN  WAVE,  CONFINED,  SUBSONIC  B  PLASTIC  7  253 

STRAIN-TIME  PLOTS,  TETRYL,  DDT  STUDY  6  428 

STRAND  BURNER,  PRESSURE  VESSEL  3  80 

STREAK  CAMERA  RECORD,  COMP  B,  POLARIZATION  5  432 
CONVECTIVE  BURN  OF  PETN  6  253 

CYLINDER  TEST  6  512 

DARK  WAVES  IN  NM  6  417 

DOT  STUDY  5  235 

DIGITAL  FILTERING  7  296 

FLYER  IMPACT  6  656 

MACH  REFLECTION  8  433 

SHOCK  CURVATURE  8  190 

SPHERICITY  ANALYSIS  5  32 

WAVE  DIAGRAM  7  680 

STREAK  CAMERA  RESULTS  VI  CURVE  FITS  5  60 

STREAK  SCHLIEREN  INTERFEROORAM,  REFLECTED  4  71 

STREAM  TUBE  EXPANSION,  JACOBS  VI  EYRINQ  1  54 

STRESS  HISTORIES  IN  SHOCKED  PBX  9404  5  438 

STRESS  WAVE  INTERACTIONS,  X-t,Ft/FREE  SURFACE  6  672 

STRESS  WAVES,  LONGITUDINAL,  LEAD  AZIDE  5  302 

STRESS-STRAIN  DATA,  DYNAMIC  RECORD  3  420 

STRESS-TIME  PROFILES  OF  SHOCK  B  RELEASE  WAVES  4  290 

STRESS-WAVE  PROPAGATION,  SCHEMATIC  7  1052 

STRESSES  GENERATED  BY  ELECTRIC  DETONATORS  3  285 

STRETCHED  HE,  EFFECT  ON  DETONATION  VELOCITY  4  500 

STROBOSCOPIC  LASER -SCHLIEREN  RECORDS,  SHOCKS  5  125 

STRUCTURE,  CHEMISTRY,  B  INSTABILITY  IN  OASES  4  67 

SULFUR  CONDUCTIVITY  PRESSURE  DEPENDENCE  3  241 

SULFUR  PRESSURE  TRANSDUCER,  CALIBRATION,  PERF  3  241 

SUPER  GAP  TEST  SETUP  8  230 

SUPER-VELOCITY  REACTION  WAVE  MODEL  3  307 

SUPRACOMPRESSION,  TATB,  EOS  OF  PRODUCTS  8  587 

SURFACE  AREA  INCREASE,  IQNITABILITY  B  BURN  2  629 

SURFACE  BURNING  EQUATION,  EYRINQ'S,  CALC  TIME  2  526 

SURFACE  BURST,  UNDERWATER,  HALF-SPACE  MODEL  5  493 

SURFACE  FILM  EFFECTS  ON  EXTERNAL  PLASMAS  3  188 

SURFACE  HEAT  DISSIPATED  vi  IMPACT  SENSITIVITY  4  461 

SURFACE  HEAT  RELEASE,  DEFLAGRATION  WAVES  6  284 

SURFACE  RATE  PROCESSES  B  SENSITIVITY  OF  HE  4  461 

SURFACE-TO-VOLUME  RATIO  OF  PROPELLANT  7  143 
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SUSAN  TEST,  ENERGY  RELEASE  Vt  IMPACT  VELOCITY  6  755 

LOW-VELOCITY  IMPACT  SENSITIVITY  4  477 

SENSITIVITY  OF  IHE  7  965 

TATB/HMX  MIXTURES  7  570 

SYEP,  LIQUID  HE,  CHARACTERIZATION  6  469 

SYMPATHETIC  DETONATION,  2DE  MODEL  . .  7  1055 

AP  BY  NSK'  6  173 

MODEL  /  7  479 

PROPELLANTS  6  302 

SHOCK  Induced  3  S20 

SYNCHRO-STREAK  TECHNIQUE,  SHAPED  CHARGE  7  751 

T1,  EXPERIMENTAL  ISENTROPE  DATA  \  8  815 

T2  (TATS),  EOS  CALCULATION  8  751 

T2,  EXPERIMENTAL  ISENTROPE  DATA  8  820 

TAIT  EOS,' PRESSURE  PROFILES,  LIQUID  BLASTS  6  502 
TAIT  EQUATION,  SHOCK  TRANSMISSION  THROUGH  Al  1  91 

TANDEM  SINGLE  IMPACT,  PROPELLANTS  0  AND  E  8  286 
TANTALUM-COVERED  PROJECTILE,  IMPACTED  7  325 

TARGET  GAUGE  ASSEMBLIES,  QUARTZ  GAUGE  STUDY  5  376 
TATB,  3D  HYDRODYNAMIC  HOT-SPOT  MODEL  8  44 

CHEMICAL  DECOMPOSITION  MODEL  7  56 

CJ  POINT,  CJ  ISENTROPE,  ERROR  X  7  709 

CJ  PROPERTIES,  OXYGEN  BALANCE  8  547 

CORNER-TURNING  DATA  7  624 

CRASH-PRECIPITATED  PORE-SIZE  TESTS  8  3 

CRYSTALLOGRAPHIC  CELL  PARAMETERS  6  70S 

DETONATION  PARAMETERS,  INTERPOLATION  7  1029 

DETONATION  PROPERTIES,  CARBON  EOS  8  S2B 

DETONATION  REACTION  ZONE  STUDIES  8  123 

DOPPLER  LASER  INTERFEROMETER  STUDY  8  135 

EB  INITIATION,  TWO  EXOTHERMIC  REACTIONS  7  50 

EXPANSION  ISENTROPES  8  615 

FLYER  PLATE  INITIATION  6  756 

FRONT  CURVATURE,  REACTION  ZONE  LENGTH  6  642 

INITIATION  B  DETONATION  CHARACTERISTICS  6  755 

INITIATION  STUDIES  OF  LX-17  B  PBX  9502  8  1045 

ISOTHERMAL  LINEAR  B  VOLUME  COMPRESSION  6  700 

JET  PENETRATION  MXEL  8  337 

LOW  DENSITY,  SHOCK  INITIATION  7  385 

PARTICLE  SIZE  DISTRIBUTION  EFFECTS  8  3 

PLANAR  SHOCK  INITIATION,  GAUGES,  WEDGES  7  385 

POROUS,  SHOCK  INITIATION  7  385 

REACTION  ZONE,  STEADY  AXIAL  WAVE  7  661 

SCANNING  ELECTRON  PHOTOMICROGRAPHS  7  427 

SDT,  RUN  TO  DETONATION  8  380 

SENSITIVITY  WITH  AMMONIUM  NITRATE  7  804 

SENSITIVITY,  SHORT  B  LONG  PULSES  7  425 

SHOCK  INITIATION,  TESTS  AND  MODELS  8  892 

SHORT-PULSE  SENSITIVITY  7  390 

STANDARD  GAP  TEST,  BURN  MODEL  7  482 

SYNTHESIS  7  425 

THERMAL  DECOMPOSITION  OF  CONFINED  HE  6  214 

VI  DINOU,  COMPARISON  OF  PROPERTIES  7  540 

VI  HMX,  CONFINED  DROP  HAMMER  TEST  7  966 

TATB-BASED  CUSTOMIZED  EXPLOSIVES  7  566 

TATB/AP,  CYLINDER  TEST  DATA,  TEMPERATURE  8  1020 

TATB/HMX  COMPOSITIONS,  CUSTOMIZED  PBX  7  567 

TATB/Ktl-F,  CONFINEMENT  EFFECT  ON  FAILURE  8  372 

DOUBLE  DISCONTINUITY  MODEL,  GAP  7  294 

ELECTRON  BEAM  INITIATION  7  52 

RECEPTORS  IN  GAP  TESTS  7  279 

TATB/Ktl-F,  SUSTAINED  PULSE  INITIATION,  WEDGE  6  764 

TATB/Vlton,  TRANSPORT  MODEL  7  697 

TAYLOR  ANALYSIS  OF  A  TUBULAR  BOMB  8  604 


MJECT 


tYM  PAOE 


B.  Topic  Phrase  Index  (continutd) 
SVN  PAGE  MJECT 


TAYLOR  INSTABILITY, SAME  AS  LANDAU'S  <RUSSIAN>  1  105 
TAYLOR  MOOEL  SIMPLIFIED  AND  EXTENDED  S  602 

TAYLOR  WAVE  CALCULATED  FOR  PENTOLITE  4  33 

TAYLOR  WAVE  FITS,  RICSHAW  MOOEL,  MANOANIN  QA.  6  625 
TAYLOR  WAVE  IN  PRESSURE'TIME  CURVE  3  249 

TAYLOR  WAVE  P-T,  PYROMETER,  IN  SITU  OAUOE  6  564 
TAYLOR  WAVE  REGION,  NONSTEAOY  ID  FLOW  7  531 

TAYLOR  WAVE,  ENERGY  TRANSFER  TO  RIGID  PISTON  3  206 
INERT  BINDERS  EFFECT  7  564 

TDPF,  LIQUID  HE,  CHARACTER I 2AT ION  6  469 

TEFLON  7C  TESTS,  STRAIN  RATES  OF  HMX  S  64B 

TEFLON  7C,  COMPACTION  IN  POROUS  BEDS  7  843 

SOUND  VELOCITIES  Vt  X  TMO  7  204 

TEOON,  GAP  TEST  SENSITIVITY  IN  PROPELLANTS  3  830 
TEMPERATURE  DEPENDENCE  OF  DENSITY  FOR  NM  2  455 
TEMPERATURE  EFFECT,  COBALT  AMINE  A2I0E8  3  53 

COMPOSITE  HE  8  1018 

DETONATION  VELOCITY  OF  NM  2  455 

DIAMETER  EFFECT,  NM  2  461 

DIVERGING  DETONATION  WAVE  8  1047 

GAP  TEST  7  336 

PRECOMPRESSION  STUDY  5  77 

PROPELLANTS  3  828 

SECONDARY  EXPLOSIVES  5  279 

SHOCK  IGHITION  7  459 

SHKK  INITIATION  5  219 

TEMPERATURE  IN  REACTION  20NB,  LIGHT  INTENSITY  4  602 
TEMPERATURE  VARIATION, INITIATION  OF  LIQUID  HE  5  153 
TEMPERATURE,  OPTICAL  SYSTEM  FOR  MEASUREMENT  1  17 

SHKK  WAVE  ENVIRONMENTS  7  1004 

SHOCKED  HE,  IR  RADIOMETRY  7  993 

TEMPERATURE'TIME  CURVES,  IDEAL  GAS  vs  BKW  7  348 
TENSION  CONTOURS  VS  OBSERVED  FRACTURE  PATTERN  5  579 
TENSOR  MODEL,  HOT  SPOTS  IN  SLURRY  HE  7  344 

TETRA20LES,  ELECTRONIC  STRUCTURE  7  71 

TETRYL,  BOOSTER  REPLACEMENTS  8  1105 

BURN  RATE,  SENSITIVENESS,  Q,  m  X  0  2  651 

CALC  A  TEST  DETONATION  VELOCITIES  2  418 
CONTACT  FILM,  DROP-WEIGHT  IMPACT  TEST  3  13 

DDT  STUDIES,  PLASTIC  TUBES  7  119 

DENSITY,  DET.  VELOCITY,  PRESSURE  3  378 

DETONATING  CENTERING  DEVICE  8  332 

DETONATION  FLAME  ANALYSIS  2  572 

DETONATION  PROPERTIES,  CARBON  EOS  8  528 

DETONATION  TEMPERATURE  VS  DENSITIES  8  573 
DIAMETER  EFFECT,  D  vs  1/d  4  182 

DIRECT -CONTACT  DETONATION  SENSITIVITY  4  405 

EMP  VELOCITY  GAUGES  8  447 

EMV  GAUGE,  PRESSURES  t  TIMES  5  413 

EXPERIMENTAL  vs  COMPUTED  HUGONIOTS  6  773 

EXPLOOING-FOIL  SHOCK  EFFECT  7  928 

GAP  TEST  CALIBRATION  RESULTS  7  288 

GAP  TEST  FOR  LIQUID  HE,  NG/EQON  3  438 

GAS  POCKETS,  LOW-VELOCITY  DETONATION  2  584 

HIGH-VACUUM  DETONATION  5  561 

IMPACT  INITIATION,  .30-CAL.  CYLINDERS  2  612 
IMPACT  SENSITIVITY  AND  06/100  3  6/4 

IMPACT  SENSITIVITY,  CRITICAL  TEMP  3  69 

LASER  IGNITION  TEST  8  476 

LINEAR  MEMORY  EFFECT  3  47 

LINEAR  SURFACE  REGRESSION,  500*C  4  461 

MECHANICAL  PROPERTIES,DROP  WEIGHT  8  642 

PARTICLE  SIZE  EFFECTS, SMALL-SCALE  GAP  5  259 
TETRYL,  PELLET  INITIATORS  IN  NOL  GAP  TEST  3  585 


TETRYL,  RADICALS  IN  DECOMPOSITION  PRODUCTS  8  742 

RETARDED  DETONATION, TRICKS(CHICANERY)  6  226 

SINGLE-CRYSTAL  TESTS,  PROPERTIES  2  470 

TEMPERATURE,  MEASURED  AND  CALCULATED  8  558 

NEAT  OF  DErONATION,UNCONFINCD/CONFINED  3  750 

TETRYL/WAX,  X-t  PLOT,STRAIN-t  PLOT,DDT  EFFECT  6  434 

TFA,  LIQUID  HE,  CHARACTERIZATION  6  469 

TFMA,  LIQUID  HE,  CHARACTERIZATION  6  469 

TFMDA,  LIQUID  HE,  CHARACTERIZATION  6  469 

TFMFF,  LIQUID  HE,  CHARACTERIZATION  6  469 

TFNA  8  TFENA,  SKW  MODEL  8  PERFORMANCE  DATA  3  731 

THERMAL  DECOMPOSITION  OF  tCo(NH3)e)(N3l3  3  SO 

THERMAL  DECOMPOSITION  RATE  CONSTANTS  5  166 

THERMAL  DECOMPOSITION  REACTION,  CONFINED  HE  6  214 

THERMAL  DECOMPOSITION  VELOCITIES,  SENSITIVITY  3  60 

THERMAL  EXPLOSION  THEORIES,  GASEOUS  SYSTEMS  2  563 

THERMAL  EXPLOSION  THEORY,  REACTION  RATE  6  76 

THERMAL  EXPLOSION  TIME  AT  m.p.  vs  PRESSURE  7  37 

THERMAL  EXPLOSION  TIMES,  CRITICAL  DIAMETER  5  102 

THERMAL  EXPLOSIONS,  EB  HEATING, HEAT  FLOW  OVEN  7  62 

THERMAL  HAZARD  OF  DYNAMITE,  MODE LI NO  7  43 

THERMAL  INITIATION  8  REACTION,  SECONDARY  HE  5  279 

THERMAL  INITIATION,  ELECTRON  BEAM,  MODEL  7  SO 
MEMORY  EFFECT  3  42 

THERMAL  RESPONSE  OF  INTERMEDIATE  EXPLOSIVES  8  1105 
THERMAL  TEST,  SENSITIVENESS  TESTING  3  660 

SENSITIVITY  TEST,  SHALL  SCALE  7  965 
THERMAL  WAVE,  ENERGY  MOTION  5  361 

THERMO- HYDRODYNAMICS  IN  HETALIZED  EXPLOSIVES  2  733 
THERMOCOUPLE  CONFIG,  THERMOELECTRIC  STUDY  4  628 
THERMOCOUPLE  DESIGN  FOR  SHOCK  WAVE  LOCUS  7  1005 
THERMODYNAMIC  EQUILIBRIUM  IN  DETONATION  WAVES  2  198 
THERMODYNAMIC  FUNCTIONS,  DETONATION  PRODUCTS  8  799 
GAS  8  COLID  PHASES  2  384 
THERMODYNAMIC  PARAMETERS  DISTRIBUTION  7  789 

THERMODYNAMIC  PATH  IN  (P,V>  PLANE  7  693 

THERMODYNAMIC  PROPERTIES,  INVERSE  METHOD,  EOS  2  522 
THERMODYNAMIC  STATE  FROM  DETONATION  VELOCITY  1  72 

THERMODYNAMICS  OF  DETONATION  PRODUCTS  7  759 

THERMODYNAMICS,  INFLUENCE  ON  HYDRODYNAMICS  8  788 
THERMOELECTRIC  EFFECT,  SHOCK  PRESS  TRANSDUCER  4  627 
THERMOKINETIC  PARAMETERS,  TETRYL, RDX, HNS, HMX  8  1112 
THERMOMECHANICAL  COEFFICIENT  VI  AMPLITUDE  6  386 
THIN  FOILS  CONFINING  DETONATION  WAVE  6  406 

THIN  METAL  FILMS,  CONFINED,  SHOCKS  Cl.NERAIED  6  614 
THIN-LAYER  CHROMATOGRAPHY  (TLC),  SUBIGNITION  8  725 
THIN-PULSE  INITIATION,  LX-17,  VELOCITIES  8  1051 

THREE-DIMENSIONAL  (3DE)  HOT-SPOT  MODEL  8  42 

THRESHOLD  GAP  VALUES,  CAVITATION  EFFECTS  7  376 


THRESHOLD  INITIATION,  LX-13.PE1N,PBX  9407,...  8  1091 

THRESHOLD  PRESSURE  VI  RECIPROCAL  CHARGE  01AM  4  446 
THRESHOLD  VELOCITY  DATA,  COMP  B,  TNT,  TETRYL  8  1151 
THURSTON'S  STRESS  GRADIENT  MOOEL,  SPALL  STUDY  6  487 
TIGER  CALCULATION  PARAMETERS, BKW,  BKWR,  JCZ3  6  720 
TIGER  JCZ3  ADIABATS,  EMULITE  vi  AIR,P-Up  8  1077 

TIGER  MOOEL,  CP  DETONATION  PROPERTIES  7  870 

DETONATION  PRESSURE  CALCULATIONS  5  28 

MATCHED  TO  CJ  FROM  JCZ  EOS  7  725 

NITROMETHANE  EOS  7  610 

TICEH/CKWR  EOS  FOR  EUTECTICS  OF  EDD  AND  AN  7  555 
TILT  CONTROL  OF  IMPACT  SURFACES  5  382 

TIME  DEPENDENCE  vi  METHOD  OF  CHARACTERISTICS  4  520 
TIME-DEPENDENT  ID  UNSUPPORTED  DETONATION  6  352 

TIME -DEPENDENT  BEHAVIOR,  COMPOSITE  EXPLOSIVES  6  729 
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TIME-DEPENDENT  DETONATION  WAVES,  CURVATURES  1  99 

TIME -DEPENDENT  PLOW  BEHIND  DETONATION  FRONT  6  637 

TIME-RESOLVED  INFRARED  RADIOMETRY  7  993 

TIME-RESOLVED  RADIATION  IN  REACTION  ZONE  4  602 

TMETN.  SHOCK  COMPRESSION  THROUGH  INERT,  DDT  3  813 

TNS,  DIRECT -CONTACT  DETONATION  SENSITIVITY  4  407 

TIME  DELAY  vs  TEMP  RECIPROCAL,  DECOMP  3  68 

TNETS,  IMPACT  SENSITIVITY,  CRITICAL  TEMP  3  69 

TNM,  DETONATION  VELOCITIES  8  338 

LVD  8  HVD  IN  LIQUID  HE,  CARD  GAP  TEST  4  412 

THM/Al  ISENTROPIC  BEHAVIOR  7  942 

TNM/C,  CYLINDER  TECT  DATA,  TEMPERATURE  EFFECT  8  1022 

TNT,  300-TON  HEMISPHERE,  PHOTOGRAPH  8  410 

AIR  GAP  EFFECT  ON  PROPAGATION  8  409 

ANOMALOUS  BURN  RATE  CHARACTERISTICS  7  898 

BASE  GAP  EFFECT  ON  SENSITIVITY, NSWC  TEST  7  914 

BKU  MODEL  I  PERFORMANCE  DATA  3  728 

BUBBLE  ENRRGY,  UNDERWATER  ENPANSION  6  546 

BURN  RATE,  BENSITIVENESS,  Q,  m  X  Q  2  631 

CALC  «  TEST  DETONATION  VELOCITIES  2  418 

CALCULATED  DETONATION  TEMPERATURE  1  74 

CALCULATED  PRESSURE  PULSE  SHAPES  7  910 

CAST,  LOU- TEMPERATURE  PROPERTIES  6  36 

CAST,  MULTIPLE  LAQRANQE  GAUGE  STUDY  6  786 

CAST,  SHOCK  COMPRESSIBILITY  DIFFERENCES  7  793 

CHEMICAL  DECOMPOSITION  MODEL  7  56 

CHEMICAL  REACTION,  FRACTURE  RESULT  8  243 

CJ  DATA  8  CALCULATED  CJ  PARAMETERS  6  713 

CJ  POINT,  CJ  tSENTROPE,  ERROR  X  7  709 

CJ  PROPERTIES,  OXYGEN  BALANCE  8  547 

CJ  STATE  FOR  CAST,  MXEL  7  364 

COMP  B,  BURN  RATE  ANOMALIES  7  898 

CONDUCTIVITY  PROFILES,  C  PRECIPITATION  4  S99 

CONFINED,  AFTER  FIRING,  DEFLAGRATION  6  204 

CRITICAL  LENGTH  vt  CRITICAL  VELOCITY  4  432 

CRYSTAL  STRUCTURE  IN  CAST  BLOCK  8  412 

CRYSTAL  STRUCTURE,  SENSITIVENESS  3  666 

CURVATURE  EFFECT  ON  SHOCK  WAVE  1  99 

CYLINDER  TEST  RESULTS  4  5 

CYLINDER  WITH  AIR  BUBBLE,  DEFORMATION  6  340 

DEFLAGRATION  RATE,  MODELING  7  175 

DENSITY,  D,  CD,  EXPERIMENTAL  PRESSURE  3  376 

DENSITY,  SHOCK  8  PARTICLE  VELOCITIES  4  245 

DETONABILITY  IN  PROPELLANTS  8  EXPLOSIVES  3  637 

DETONATION  BEHAVIOR  OF  LIQUID  2  439 

DETONATION  DECAY  VELOCITY  1  15 

DETONATION  PARAMETERS,  CHINESE  TEST  8  440 

DETONATION  PROPAGATION  DATA,  GAP  TEST  6  40 

DETONATION  PROPERTIES,  CARBON  EOS  8  528 

DETONATION  TEMPERATURE,  PYROMETER  8  574 

DIAMETER-EFFECT  PARAMETERS  6  647 

DIRECT-CONTACT  DETONATION  SENSITIVITY  4  406 

DROP-WEIGHT  IMPACT  TEST  3  6 

DURAL,  U(,  2  333 

EMV  GAUGE,  DETONATION  PRESSURES  8  TIMES  3  413 

ENERGY  vs  REACTION  RESPONSE  6  3 

ENERGY  vt  REACTION  RESPONSE  6  7 

EOS  AND  THERMAL  DECOMPOSITION  RATE  3  352 

EXPLODING- FOIL  SENSITIVITY  EFFECT  7  928 

EXPLOSIVELY  DRIVEN  METAL,  MODEL  8  610 

GAS  POCKETS  IN  LOU- VELOCITY  DETONATION  2  584 

HUGONIOT  CURVES  AND  SOUND  VELOCITIES  4  235 

HUGONIOT  DATA  FOR  UNREACTED  EXPLOSIVE  5  251 

TNT,  HUGONIors,  DERIVATIVES  ALONG  SHOCK  PATH  6  791 


TNT,  IGNITION  BY  AIR  GAP  COMPRESSION  7  3 

IMPACT  SENSITIVITY  AND  0B/10U  3  681 

IMPACT  SENSITIVITY  AND  OXYGEN  BALANCE  3  701 
INERT -EXPLOSIVE  INTERFACE  STUDY  6  29 

INITIATION  AND  PROPAGATION,  MODEL  7  362 

JCZ  STATE,  MOLECULAR  PARAMETERS  7  721 

LARGE-SCALE  GAP  TEST,  CRITICAL  DIAMETER  5  207 

LASER  IGNITION  TEST  8  476 

LINEAR  SURFACE  REGRESSION  TO  S00*C  4  461 

LIQUID,  MODIFIED  GAP  TEST  7  310 

LIQUID/BOLID,  ENERGY  THRESHOLD,  p-t  PLOT  6  106 

LOW-PRESSURE  POINT  ON  TSENTROPE  3  389 

LOW-PRESSURE,  LOW-VELOCITY  SHOCKS  4  239 

LOW-TEMPERATURE  INITIATION  6  36 

LUMINOSITY  RECORDS,  DETONATION  TEMPS  2  158 

MEASURED  DETONATION  PRESSURE,  AQUARIUM  5  65 

MECHANICAL  PROPERTIES,  DROP  WEIGHT  8  642 

MOLECULAR  GEOMETRY,  BOND  LENGTHS, AB  I  NIT  8  830 

MULTIPLY  SHOCKED,  SENSITIVITY  EFFECT  7  906 

OBLIQUE  SHOCKS,  PERPENDICULAR  DRIVE  6  602 

OVERALL  ENERGY  BALANCE  6  559 

OVERDRIVEN  SHOCKED  STATES  5  533 

PARTICLE  VELOCITIES,  LAGRANGE  GAUGES  7  1074 

PHYSICAL  PROPERTIES,  GRAIN  GROWTH  1  32 

PLEXIGLAS  MONITOR,  SHOCK  VELOCITY  5  23 

POROUS,  RESPONSE,  MODEL  8  DATA  6  766 

PRESSED,  DETONATION  VELOCITY  vt  DIAMETER  3  327 
PRESSED,  JET  INITIATION  8  318 

PRESSED,  LIGHT-GAS  GUN  IMPACT  6  3 

PRESSED,  PHYSICAL  CHARACTERISTICS  6  6 

PRESSED,  WEDGE  TEST  8  SHEAR  CAMERA  DATA  3  504 
PRESSURE  PULSES,  FREE-SURFACE  VELOCITIES  7  910 
PROPERTIES  COMPARED  WITH  THOSE  OF  DATB  3  769 

RADICALS  IN  DECOMPOSITION  PRODUCTS  8  742 

REACTION  ZONE  LENGTH  CALCULATED  5  23 

RECEPTORS  IN  GAP  TESTS  7  279 

RETARDED  DETONATION,  TRICKS  (CHICANERY)  6  226 

SENSITIVENESS  OF  LIQUID  8  PRESSED  GRAINS  2  643 

SENSITIVITY  7  373 

SENSITIVITY  AND  EXPLOSIVENESS  Q  265 

SENSITIVITY  AND  PERFORMANCE  DATA,  SDDT  8  1132 

SENSITIVITY  WITH  AMMONIUM  NITRATE  7  804 

SHOCK  COMPRESSION  THROUGH  INERT,  DDT  3  813 

SHOCK  FRONT  VELOCITY  IN  VACUUM  4  176 

SHOCK  TEMPERATURE  IN  MODEL  7  463 

SHOCK  WAVE  TRANSMISSION  THROUGH  Al  1  90 

SHOCK- INDUCED  PHASE  CHANGE  5  257 

SHOCKED,  HEAT -SENSITIVE  FILM  RECORD  7  973 

SINGLE-CRYSTAL  TESTS,  PROPERTIES  2  470 

SLURRY,  CALCULATED  BLASTING  PERFORMANCE  8  987 

SNOW-FLAKED  PACKED,  CJ  PRESSURES  2  380 

TEMPERATURE,  MEASURED  AND  CALCULATED  8  558 

THERMAL  DECOMPOSITION  AT  P  ■  10-50  kbart  5  331 

THERMAL  DECOMPOSITION  OF  CONFINED  HE  6  214 

THERMAL  INITIATION  AND  GROWTH  5  280 

TIME  DELAY  vt  TEMP  RECIPROCAL,  DECOMP  3  67 

TNT/NM,  ELECTRICAL  TRANSDUCER  STUDIES  4  609 

UNCONFINED  CYLINDER,  TEST,  2DL  MODEL  5  313 

UNDERWATER  SHOCK-TO-BURN  TESTS  4  489 

WAVE  CURVATURE  vt  CHARGE  LENGTH,  L/d  <  3  2  504 

WAX-GAP  TEST  1  23 

ZND  PROOF,  INDUCTION/CHEMICAL  REACTION  2  358 

TNT -LOADED  EBW  INITIATION  4  452 

TNT/AN  ♦  Al,  DETONATION  PRODUCTS  ANALYZED  8  577 
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TNT/AN.  DIAMETER  EFFECT,  D  VI  1/d,  LIMIT  DATA  4  182 
V<d  CURVES,  WAVE  SHAPE  vi  d,  KINETICS  2  733 
TNT/NQ  (Nigu)  *  Al,  DETONATION  PRXUCT8  8  577 

TNT/NO/WAX,  GAP  TEST  RESULTS  8  228 

TNT/RDX/WAX,  RUNUP  DISTANCE  AND  GAP  TEST  7  336 
TNT/SALT  MIXTURES,  QUENCHING  EFFECT  OF  SALT  2  509 
TNT/UAX,  GAP  TEST  RESULTS  8  228 

TNTB,  BURN  RATE,  SENSITIVENESS,  Q,  ffl  X  0  2  651 

TOODY  MODEL,  NITROMETHANE  FAILURE  7  609 

TORCHING  EXPERIMENTS,  SUMULATIONS  8  215 

TORPEX  2B,  SENSITIVITY  AND  EXPLOSIVENESS  8  265 
TORPEX,  LOW-ORDER  REACTIONS- -REACTION  20NE  4  462 
TRANBA  SUBROUTINE  TO  RUBY  PROGRAM,  ISRNTR0PE8  4  168 
TRANSDUCER  STUDIES,  INITIATION  OF  LIQUID  HE  4  609 
TRANSIENT  COMBUSTION  PROCESS,  MODEL  8  940 

TRANSIT  TIMES  ■  SOUND  SPEEDS  t  INITIAL  SLOPES  4  240 
TRANSIT  TIMES  IN  HE  CHARGES,  PIN  METHW  2  136 

TRANSITION  PRESSURES  AND  SLOW  BURN  3  85 

TRANSMISSION  A  GROWTH  OF  DETONATION  2  620 

TRANSPARENT  ANVIL,  DROP  WEIGHT  APPARATUS  8  635 
TRANSPARENT  LIQUID-HE  OPTICAL  EMISSION  8  15 

TRANSPORT  MODEL,  SLIC  METHOD,  ADVECTEO  7  696 

TRANSPORT  PHENOMENA,  DETONATION  WAVE  EFFECT  3  537 
TRANSPORT-CONTROLLED  REACTION,  MODEL  7  521 
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5 

177 

6 

405 

7 

479 

7 

669 

B 

42 

8 

979 

MALA,  J. 

7 

540 

7 

560 

8 

625 

MALIN,  M.  E. 

2 

136 

2 

454 

2 

478 

MALLORY,  H.  D. 

2 

358 

MANSON,  N. 

5 

41 

MARK,  P. 

6 

390 

MARLOW,  W.  R. 

4 

426 

MARSHALL,  E.  F. 

5 

321 

MARSHALL,  W.  W. 

5 

185 

5 

247 

MASON,  C.  M. 

1 

12 

2 

157 

2 

281 

3 

436 

MATSU I,  H. 

8 

168 

MAURIN,  C. 

7 

161 

MAUTZ,  C.  W. 

2 

478 

MAZZELLA,  A. 

5 

351 

MCDONNEL,  J.  L. 

4 

3 

MCEA'^HERN,  D.  M. 

4 

126 

MCFADDEN,  D.  L. 

8 

1080 

MCOUIRE,  R.  R. 

6 

214 
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MCGUIRE,  R.  R. 

6 

710 

NUNZIATO,  J.  W. 

7 

608 

7 

56 

O'BRIEN,  J.  F. 

4 

239 

7 

940 

OCKERT,  K.  F. 

3 

822 

8 

3 

4 

96 

8 

1018 

4 

102 

MCKNIGHT,  C.  E. 

3 

635 

OLINGER,  B. 

6 

700 

MCLAREN,  A.  C. 

2 

561 

OPPENHEIM,  A.  K. 

5 

119 

MCMILLAN,  C. 

8 

613 

6 

502 

MEHLMAN,  M.  H. 

8 

864 

ORLOH,  T. 

3 

226 

MEL AN I,  G. 

6 

325 

ORNELLAS,  D.  L. 

4 

3 

MENICHELLI,  V.  J. 

6 

612 

4 

167 

MENIL,  A. 

7 

1010 

6 

214 

MICHAILJUK,  K.  M. 

7 

789 

7 

940 

MICHAUD,  C. 

7 

65 

OSTMARK,  H. 

8 

473 

7 

965 

OWENS,  F.  J. 

8 

742 

MIGAULT,  A. 

4 

627 

PACE,  M.  D. 

8 

734 

MISSONIER,  M. 

7 

641 

PALMER,  S.  J.  P. 

8 

635 

MITCHELL,  A. 

8 

587 

PANDOH,  M.  L. 

4 

96 

MITCHELL,  D.  E. 

6 

748 

4 

102 

MOHAN,  V.  K. 

7 

373 

PARKER,  N.  L. 

6 

653 

MOHLER,  J.  H. 

7 

865 

7 

1062 

MONIZ,  N.  B. 

8 

734 

8 

613 

MONTEAGUDO,  P, 

7 

151 

PARLIN,  R.  B. 

1 

93 

MOORE,  D.  B. 

3 

88 

2 

404 

MOORE,  P.  W.  J. 

6 

489 

PARTOM,  Y. 

7 

506 

MORI,  N, 

8 

558 

PARTRIDGE,  W.  S. 

2 

733 

MORITANI,  A. 

8 

168 

PASMAN,  H.  J. 

6 

299 

MORRIS,  C.  E. 

6 

396 

PASTIME,  D.  J. 

6 

305 

MORRISON,  R.  B, 

2 

266 

7 

523 

MORVAN,  J. 

6 

429 

PASZEK,  J. 

3 

520 

MOTTET,  A.  L. 

5 

67 

PAUL,  S. 

7 

686 

MOULARD,  H. 

6 

105 

PEARSON,  J.  C. 

4 

289 

7 

316 

PEEK.  H.  M. 

2 

231 

8 

902 

PELLETIER,  P. 

8 

361 

MULLER,  G.  M. 

3 

88 

PENG,  G. 

8 

1011 

MUNSON,  D.  E. 

4 

295 

PENN,  L. 

6 

729 

MURRY,  W.  L. 

4 

555 

PERSSON,  A. 

7 

43 

MYERS,  T.  F. 

7 

914 

8 

985 

NAIMAN,  E. 

8 

460 

PERSSON,  G. 

6 

414 

NAMENSON,  A.  I. 

7 

50 

PERSSON,  P.-A. 

4 

602 

NAPADENSKY,  H.  S. 

3 

396 

5 

115 

3 

420 

5 

153 

4 

473 

6 

414 

5 

313 

8 

985 

6 

336 

PETERS,  W.  C. 

5 

559 

NEAL,  T.  R. 

6 

602 

PETRONE,  F.  J. 

4 

395 

NEEDHAM,  C.  E. 

S 

487 

5 

99 

NICHOLLS,  J.  A. 

2 

266 

PEYRE,  C. 

4 

135 

NIDICK,  E.  J. 

6 

755 

4 

566 

NIKOWITSCH,  P. 

6 

225 

PHILIPART,  D.  A. 

8 

447 

7 

751 

PIACESI,  D. 

3 

226 

NUNZIATO,  J.  W. 

6 

47 

4 

153 

7 

394 

PIKE,  H.  H.  M. 

4 

305 
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PAGE 

PILARSKI,  D.  L. 

7 

906 

RILEY,  J.  F. 

6 

740 

PILCHER,  D.  T. 

6 

258 

RINEHART,  J.  S. 

1 

31 

PIMBLEY,  Q.  H. 

7 

479 

3 

285 

PINEORE,  M. 

8 

815 

RITCHIE,  J.  P. 

8 

839 

PINTO,  J. 

8 

243 

RIVARD,  H.  C. 

5 

3 

PIROTAIS,  D. 

8 

337 

ROBINSON,  N.  J. 

7 

143 

PITTION-ROSSILLON, 

0.  7 

703 

ROGERS,  0.  T. 

2 

547 

PITTS,  L.  D. 

4 

616 

ROGERS,  J.  H. 

7 

930 

PLANT,  J. 

4 

555 

ROMAIN,  J.  P. 

5 

403 

PLOTARD,  J.  P. 

8 

837 

6 

151 

POPE,  P.  H. 

8 

635 

ROOIJERS,  A.  J.  T. 

8 

710 

POPOLATO,  A. 

4 

233 

ROSENBERG,  J.  T. 

6 

786 

7 

566 

7 

466 

POTAU,  J. 

4 

381 

7 

1072 

POULARD,  S. 

7 

965 

8 

111 

PRATT,  T.  H. 

4 

102 

ROSLUND,  L.  A. 

5 

523 

PRESLES,  H.  N. 

7 

583 

5 

581 

8 

431 

ROTH,  J. 

1 

57 

8 

762 

5 

219 

PRESSMAN,  Z. 

4 

126 

RYAN,  R.  R. 

8 

839 

PRICE,  C.  F. 

7 

216 

SADWIN,  L.  D. 

3 

309 

8 

934 

4 

92 

PRICE,  D. 

1 

22 

SAINT-MARTIN,  C. 

8 

596 

5 

207 

SAKAI,  H. 

8 

558 

6 

426 

SAKURAI,  A. 

5 

493 

PRICE,  J.  H. 

4 

290 

SAKURAI,  T. 

8 

558 

PROTAT,  J.  C. 

8 

815 

SAMIRANT,  M. 

7 

139 

PROUTEAU,  F. 

5 

567 

8 

972 

PROUTEAU,  M. 

4 

39 

SANBORN,  R.  H. 

5 

331 

PUOH,  H.  L. 

7 

75 

SANDERS,  S. 

8 

3 

PUJOL,  J. 

4 

566 

SANDUSKY,  H.  W. 

7 

119 

PUJOLS,  H. 

5 

429 

7 

843 

PUJOLS,  H.  C. 

8 

135 

8 

658 

QUIRK,  W. 

8 

613 

8 

881 

RAINSBEROER,  R.  B. 

7 

466 

SANG,  W. 

7 

746 

RAMSAY,  J.  B. 

3 

499 

SANTIAGO,  F. 

8 

725 

4 

84 

SAVITT,  J. 

2 

620 

4 

233 

3 

309 

6 

723 

3 

396 

7 

531 

3 

420 

7 

566 

4 

404 

8 

372 

SCHALL,  R. 

4 

496 

RANDALL,  R.  R. 

5 

67 

SCHEDLBAUER,  F. 

8 

577 

RENLUND,  A.  M. 

8 

691 

SCHILPEROORD,  A.  A. 

6 

371 

REE,  F.  H. 

7 

646 

7 

575 

8 

501 

SCHMIDT,  D.  N. 

4 

266 

REED,  S.  0. 

2 

295 

SCHOTT,  0.  L. 

4 

67 

REESE,  B.  0. 

4 

359 

SCHULER,  K.  W. 

5 

589 

REMPEL,  J.  R. 

4 

266 

SCHWARTZ,  F.  R. 

3 

833 

RIBOVICH,  J. 

4 

412 

SCHWARZ,  A.  C. 

6 

62 

S 

81 

6 

668 

RICE,  J.  K. 

7 

930 

7 

416 

RIQDON,  J.  K. 

5 

59 

7 

1024 
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NAME 

SYM 

PAGE 

NANS 

SYM 

I 

SCOTT.  C.  L. 

5 

259 

SMITH,  L.  C. 

3 

327 

SCOTT.  F.  H. 

2 

157 

SMOLEN,  J.  J. 

5 

119 

• 

4 

412 

SMOTHERS,  H.  0. 

5 

251 

SCRIBNER.  K. 

6 

466 

SOHN,  C.  H. 

8 

926 

SEARCY,  J.  Q. 

6 

62 

SOLOMONOVICI ,  A. 

8 

1126 

6 

455 

SONG,  J. 

8 

1011 

SEAY,  0.  E. 

3 

562 

SOREL,  J. 

8 

135 

SEEOAR,  D.  E. 

2 

711 

8 

892 

SEELY.  L.  B. 

2 

439 

SOULETIS.  J. 

8 

431 

3 

562 

8 

625 

4 

359 

SPAULDING,  R.  L. 

7 

877 

5 

69 

STACY,  H.  L. 

8 

123 

5 

237 

STADNITSHENKO,  I.  A. 

6 

36 

SEOALOV,  Z. 

8 

1126 

STAHL,  S.  0. 

4 

602 

SEITZ.  W.  L. 

7 

3B5 

STANTON,  P.  L. 

7 

865 

a 

123 

8 

485 

SELLAM,  M. 

8 

425 

STARKENBERG,  J. 

7 

3 

SENTHAN,  L.  H. 

7 

721 

8 

307 

SERVAS,  J.  M. 

7 

6B6 

8 

1080 

8 

169 

8 

1139 

SETCHELL.  R.  E. 

7 

394 

STARR.  L.  E. 

2 

620 

7 

857 

STEC,  D. 

8 

734 

8 

15 

STEINBERG,  D.  J. 

8 

513 

SHARMA,  J. 

8 

725 

STERNBERG,  H.  M. 

3 

205 

SHARPLES,  R.  E. 

3 

738 

3 

226 

SHAH,  L.  L, 

6 

755 

4 

27 

SHAH,  M.  S. 

8 

531 

4 

153 

SHAH,  R. 

5 

89 

5 

597 

5 

237 

6 

528 

6 

231 

STEHART,  J.  R. 

8 

962 

SHEA.  J.  H. 

5 

351 

STEHART,  R.  F. 

8 

839 

SHEFFIELD,  S.  A. 

6 

668 

STINECIPHER,  M.  M. 

7 

801 

6 

748 

8 

351 

7 

1004 

STOLOVY,  A. 

7 

50 

SHIINO,  K. 

6 

450 

STRANGE,  F.  M. 

4 

3 

8 

993 

STREHLOH,  R.  A. 

7 

721 

SHIKARI,  Y.  A. 

6 

336 

STRESAU,  R.  H.  F. 

2 

620 

SHORT,  J.  M. 

7 

952 

2 

711 

SHRADER.  J. 

6 

740 

2 

749 

SHUEY,  H.  M. 

4 

96 

3 

309 

SHUPE,  0,  K. 

3 

150 

3 

396 

SHVEDOV,  K.  K. 

6 

29 

3 

420 

SILVESTROV,  V.  V. 

6 

36 

4 

442 

SJOLIN,  T. 

4 

435 

4 

449 

5 

153 

6 

68 

SKIDMORE,  I.  C. 

4 

14 

STRETZ,  L.  A. 

8 

351 

4 

47 

STROMBERG,  H.  D. 

5 

331 

5 

573 

SULIMOV,  A.  A. 

6 

250 

SLETTEVOLD,  C. 

8 

3 

SULTANOFP,  M. 

3 

520 

SLIE,  H.  M. 

2 

749 

4 

241 

SMEDBERO,  U. 

8 

1069 

SUMMERS,  C.  R. 

2 

157 

SMITH,  C.  P.  M. 

5 

467 

3 

436 

6 

477 

4 

117 
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SUNDARARAJAN,  R. 

e 

635 

TROTT,  B.  D. 

5 

191 

SHALLOWE,  0.  M. 

7 

24 

TROTT,  W.  M. 

8 

691 

6 

635 

TSAI,  D.  H. 

8 

870 

SWANSON,  R.  I. 

8 

715 

TULIS,  A.  J. 

5 

47 

TAN.  B. 

7 

826 

6 

173 

TANAKA,  K. 

7 

583 

6 

183 

8 

648 

UDY,  L.  L. 

3 

150 

8 

558 

URIZAR,  M.  J. 

3 

327 

8 

993 

URSENBACH,  H.  0. 

2 

619 

TANO,  P.  K. 

8 

52 

2 

733 

TARVER,  C.  H. 

6 

231 

3 

367 

7 

56 

URTIEW,  P.  A. 

5 

105 

7 

256 

5 

119 

7 

488 

VACELLIER,  J. 

5 

667 

7 

993 

VALENTINI,  J.  J. 

8 

701 

7 

1029 

VAN  DER  STEEN,  A.  C. 

8 

710 

8 

587 

VAN  DOLAN,  R.  W. 

3 

436 

8 

613 

' 

4 

117 

8 

951 

5 

81 

8 

1045 

VAN  THIEL,  M. 

a 

501 

TASKER,  D,  0. 

7 

285 

VANPOPERYNOHE ,  J. 

8 

135 

TAYLOR,  B.  C. 

3 

267 

8 

892 

6 

3 

VANTINE,  H.  C. 

7 

325 

TAYLOR,  J.  W. 

3 

77 

7 

466 

5 

291 

7 

1062 

5 

311 

VELICKY,  R.  W. 

7 

898 

TAYLOR,  P.  A. 

8 

26 

7 

924 

TEOO,  D. 

5 

89 

8 

251 

THIVET,  n. 

7 

107 

VENABLE,  D. 

4 

639 

THOMA,  K. 

8 

1131 

6 

3 

THOUVENIN,  J. 

4 

135 

5 

13 

4 

258 

VENTURINI,  E.  L. 

8 

485 

4 

566 

VERBEEK,  H.  J. 

8 

669 

7 

661 

VERDES,  0. 

4 

39 

THRAP,  R.  0. 

2 

231 

5 

31 

TIMNAT,  Y.  M. 

6 

590 

5 

41 

TISLEY,  D.  0. 

7 

1040 

VERHOEK,  F.  H. 

3 

50 

TITOV,  V.  M. 

6 

36 

VIDART,  A. 

4 

527 

7 

362 

VIGIL,  M.  0. 

8 

1091 

8 

143 

VOIOHT,  H.  W. 

8 

251 

8 

196 

VOLK,  F. 

8 

577 

TOMBINI,  C. 

7 

1010 

VON  NOLLE,  H.  0. 

6 

691 

TRAVIS,  J.  R. 

3 

469 

7 

993 

3 

499 

8 

3 

4 

386 

8 

1045 

4 

609 

VORECK,  W.  E. 

7 

924 

8 

1057 

8 

251 

TREVINO,  S.  F. 

8 

870 

8 

460 

TRIMBLE,  J. 

6 

325 

VORTHMAN,  J. 

8 

99 

6 

691 

WACHTELL,  S. 

3 

635 

7 

247 

WACKERLE,  J. 

4 

154 

TRIMBLE,  J.  J. 

7 

986 

6 

20 

TROFIMOV,  V.  S. 

7 

789 

7 

385 

TRIMBLE,  J.  J. 
TROFIMOV,  V.  S. 
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WACKERLE,  J. 

8 

99 

WILKINS,  M.  L. 

4 

3 

e 

123 

4 

519 

WAONER,  J. 

8 

577 

WILLIAMS,  R.  F. 

5 

427 

WALKER,  E.  K. 

8 

1119 

WINNING,  C.  H. 

3 

455 

WALKER,  F.  E. 

7 

777 

WINSLOW,  0.  0. 

6 

664 

WALKER,  0.  R. 

1 

39 

WISEMAN,  L.  A. 

2 

643 

WALKER,  W.  A. 

4 

27 

WOLLENWEBER,  U. 

8 

1131 

5 

597 

WOOD,  W.  W. 

2 

312 

WALLACE,  A.  A. 

6 

625 

2 

424 

WALSH,  E.  K. 

7 

394 

WRENN,  E. 

6 

214 

WALTON,  J. 

6 

214 

WRIGHT,  P.  W. 

4 

142 

6 

729 

4 

573 

7 

887 

WU,X 

8 

796 

8 

613 

XU,  L. 

8 

1011 

WANO,  A. 

8 

1011 

YAKUSHEV,  V.  V. 

5 

399 

WARD,  S.  H. 

8 

380 

6 

143 

WASLEY,  R.  J. 

4 

239 

YANG,  L.  C. 

6 

612 

WASSERMAN,  H.  J. 

8 

839 

YONEDA,  K. 

8 

168 

WATSON,  J.  L. 

7 

1048 

YOSHIDA,  M. 

8 

993 

WATSON,  R.  W. 

4 

117 

YU,  J.  M. 

7 

343 

5 

81 

ZAKER,  T.  A. 

5 

313 

5 

169 

ZERNOW,  L. 

5 

67 

5 

559 

ZHANG,  O.-R, 

7 

746 

6 

115 

ZHAO,  H. 

8 

83 

WEBBER,  P.  E. 

8 

294 

ZIMMERSCHEID,  A.  B, 

6 

389 

WECKEN,  F. 

4 

107 

6 

740 

WEDAA,  H.  W. 

2 

251 

ZINMAN,  W.  0. 

2 

198 

WEINOART,  R.  C. 

6 

653 

ZOE,  J. 

7 

602 

6 

755 

8 

151 

7 

325 

zou,  q. 

8 

1011 

7 

425 

ZOVKO,  C.  T. 

3 

606 

7 

1062 

ZURN,  D.  E. 

7 

216 

8 

3 

ZWISLER,  W.  H. 

6 

162 

8 

1045 

WENOORAD,  J. 

3 

10 

3 

60 

WEST,  C.  E. 

5 

533 

WEST,  0.  T. 

7 

865 

WESTMORELAND,  C. 

7 

256 

7 

517 

WESTON,  A.  M. 

7 

256 

7 

887 

8 

914 

WHATMORE,  C.  E. 

7 

17 

8 

1035 

WHITBREAD,  E.  G. 

2 

643 

2 

695 

3 

202 

3 

574 

3 

659 

WIEDERMANN,  A.  H. 

6 

336 

WILKES,  J.  S. 

7 

75 

WILKINS,  M.  L. 

3 

721 
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PAGE 

MAKEUP 

A-6 

7 

551 

97  RDX/3  wax 

A-589 

5 

139 

86  HMX/14  PB 

A-690 

5 

139 

80.3  KMX/5.9  AP/13.8  PB 

A-591 

5 

139 

69  HMX/17  AP/14  PB 

A-592 

5 

139 

57  KMX/ 29  AP/14  PB 

AAB  3189 

7 

892 

9.2  RDX/60.8  AP/15  Al/15  binder 

AAB  3225 

7 

892 

7.1  RDX/62.9  AP/15  Al/15  binder 

AAB  3267 

7 

892 

5  RDX/65  AP/15  Al/15  binder 

ABH 

8 

528 

C24HeNi4024 

ADDF 

6 

467 

1 ,4,4,10,10,13-hexaf luoro-1 ,1 ,7,7,13,13-hexanitro- 
3,5,9,11 -tetraoxotr idecane 

ADNT 

7 

801 

ammonium  aalt  of  3, 5-dinitro-1 ,2,4-triazole 

AFX-521 

8 

1106 

95  PYX/ 5  Kel-F  800 

Amatex  20 

6 

647 

20  RDX/AO  TNT/40  AN 

Amatol 

5 

601 

20-60%  AN/80-40%  TNT 

Amatol 

7 

801 

N^^-labeled  ammonium  nitrate  (AN/TNT) 

AN 

6 

439 

ammonium  nitrate 

ANFO 

3 

186 

94.6  AN/5.4  fuel  oil 

ANFOAL-10 

6 

546 

87.4  AN/2.6  fuel  oil/10  aluminum 

AP 

5 

139 

ammonium  perchlorate 

B  2141 

7 

409 

88  RDX/12  HTPB 

B  2142 

7 

409 

77  PETN/23  PU 

B  2161 

B 

437 

40  HMX/30  AP/20  Al/10  polyurethane  binder 

B  2169 

8 

437 

83  PETN/17  polyurethane 

B  2174 

8 

437 

47  HMX/30  AP/11  lead  nitrate/12  polyurethane 

B  2190 

8 

437 

30  PETN/70  HTPB 

B  2191 

8 

437 

37  HMX/40  AP/11  lead  nitrate/12  polyurethane 

B  2192 

8 

437 

27  HMX/50  AP/11  lead  nitrate/12  polyurethane 

B  3003 

8 

437 

80  HMX/20  NC-NOl 

Baratol 

6 

629 

72  barium  nitrate/28  TNT 

Baratol 

3 

563 

76  barium  nltrate/24  TNT 

Baratol 

4 

361 

70  barium  nitrate/30  TNT 

Baratol  76 

6 

647 

76  barium  nitrate/24  TNT 

BH-1 

8 

83 

plastic-bonded  RDX 

BO-1 

8 

93 

plastic-bonded  HMX,  similar  to  PBX  9404 

BTF 

6 

712 

benzotrifuroxane 

BTFMA 

6 

467 

1-f luoro-1 ,1-dinitro-4,4-bi8(trif luoromethyl )- 
3 ,5-dioxohexane 

BTNEN 

3 

70 

bis-(2 ,2,2-tr ini troethyl )nitramine 

BTX 

6 

460 

5,7-din ltro-1 -picrylbenzotriazole 

BTZ 

8 

1019 

bitetrazole 

BHX 

2 

661 

beeswax 

BX1 

8 

1106 

60  TATB/35  (95  RDX/5  HMX)/5  Kel-F 
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BX2 

8 

1106 

60  TATB/35  (95  RDX/5  HMX)/5  PTFE 

BX3 

8 

1106 

60  TATB/35  (90  RDX/10  HMX)/5  Kel-F 

BXA 

e 

1106 

60  TATB/35  (90  RDX/10  HHX)/5  PTFE 

C-4 

4 

97 

91  RDX/9  wax 

CACTP 

6 

455 

catena-M -cyanotetraammine  cobalt (II I)  perchlorate 

CEP 

4 

5 

trie  p-chloroethylphoephate 

Comp  A 

3 

687 

91  RDX/9  wax 

Comp  A 

6 

647 

92  RDX/8  wax 

Comp  A  5 

8 

265 

98.5  RDX/1 .5  Btearic  acid 

Comp  A-5 

7 

551 

97  RDX/3  wax 

Comp  A-5 

7 

928 

98  RDX/2  stearic  acid 

Comp  B 

2 

479 

60  RDX/40  TNT,  wax  and  Other  additives  (1  to  1  .5%) 

Comp  B 

4 

48 

60  RDX/40  TNT 

Comp  B 

6 

493 

60  RDX/40  TNT/1  wax 

Comp  B 

6 

629 

59.5  RDX/39.5  TNT/1  beeswax 

Comp  B 

6 

647 

63  RDX/36  TNT/1  wax 

Comp  B 

7 

353 

45  RDX/66  TNT/1  wax 

Comp  B  (ISL) 

7 

317 

65  RDX/35  TNT 

Comp  B,  Or ado  A 

4 

5 

64  RDX/36  TNT 

Comp  B,  Grade  A 

S 

198 

59.5  RDX/39.5  TNT/1.0  wax 

Comp  B-3 

8 

4 

60±1 .5  RDX/40±1 .5  TNT 

Comp  B-3 

4 

361 

64  RDX/36  TNT 

Comp  B-3  (ISL) 

7 

317 

60  RDX/40  TNT 

Comp  B3  (waxed) 

5 

280 

60  RDX/40  TNT/1  wax 

Comp  BA 

7 

900 

60  RDX/40  TNT,  no  wax 

CP 

6 

455 

1 -(5-cyanotetrazolato)pentaammine  cobal t (1 1 1 ) 
perchlorate 

CTX-1 

8 

265 

15  RDX/40  AP/23  Al/22  TNT  +  additives 

CX-84 

8 

366 

84  RDX/9. 7  R45-HT/5.6  DOA/0.7  TDI 

Cyc Ionite 

3 

437 

RDX 

Cyclotol 

3 

502 

65  RDX/35  TNT 

Cyclotol 

S 

65 

72  RDX/26  TNT 

Cyclotol  77/23 

6 

647 

77  RDX/ 23  TNT 

DATB 

3 

761 

1 ,3-diamino-2,4,6-trinitrobanzene 

1  ,2-DB 

5 

237 

1 ,2-bis(dif luoramino)butane 

2,2-DB 

5 

237 

2, 2-bi8(dif Iuoramino)butane 

DDNP 

3 

12 

diazodinitrophenol 

Debrix  18AS 

8 

265 

95.5  RDX/2. 5  wax/2  additives 

Debrix-2 

8 

1106 

95  RDX/5  wax 

DEODN 

7 

762 

dlethylene  glycol  dinitrate 

DFB 

6 

467 

2 , 2-dif luoro-2-nitroethly-5,5-dif luoro-2-(3' ,3'- 
dif luoro-3'-nltro-1  -oxopropyl )-5,5-dinitro-3- 
oxopentanoate 

OFF 

6 

467 

bis(2-f luoro-2,2-dinitroethyl )dlf luoroformal 

PFNT 

6 

467 

2 ,2-dlf luoro-2-nitroethyl-trif luoromethane-sulfonate 

DHE 

8 

365 

2-hydroxymethyl  dimethyl hydantoin 
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DINA 

3 

66 

di-p-nitroxyathyl  nltramina 

DINOU 

7 

540 

dinitrogylcoluri 1« 

DlTcU 

A 

435 

dinitroathyl-uric  (tic) 

Dithtklt* 

3 

186 

a  mixtura  of  82. 8X  nitric  acid,  nitrobanzana,  and  watar 

Dithtkitc 

13/20 

2 

648 

dithakita  with  13/20  wtX  watar 

Dlth«klt9 

13 

3 

493 

63  nitric  acid/24  nitrobanzana/13  watar 

DNP 

7 

374 

dinitrophanol 

ONPA 

4 

5 

2,2-dinitropropylacrylata 

DNPP 

3 

685 

bis-dinitropropyl  fumarata 

DNPP 

6 

467 

2,2-dinitropropyl  parchlorata 

DNPTB 

3 

70 

2,2-dinitropropyl  4,4,4-trinitrobutyrata 

DNT 

7 

374 

dinitrotoiuana 

DNT 

7 

802 

3,5-dinitro-1 .2,4-triazola 

DOA 

8 

363 

dioctyl  adipata 

OOP 

4 

5 

dioctylphthalata 

1  .1-DP 

5 

90 

1 ,1-bi8(dif luoroamino)propana 

1  ,2-DP 

6 

237 

1 ,2-bi8(dlf luoramino)propana 

1 .3-DP 

5 

90 

1 ,3-bi8(dif luoramlno)propana 

2,2-DP 

5 

237 

2.2-bi8(dif luoramino)propan8 

DREV-Explosiva 

8 

363 

84  RDX/16  polybutadlana 

EA 

7 

548 

50  EDD(athylanadiamina  dinitrata)/50  AN 

EAK 

6 

1002 

46  athylanadiamina  dinitrata/46  ammonium  nitrate/ 

8  potanalum  nitrate 

EAR 

7 

551 

42.5  EDD/42.5  AN/1 5  RDX 

EARK 

7 

551 

42.5  SDD/»6.1  AN/15  RDX/6.4  potaaaium  nitrate 

EARL-1 

7 

551 

40.3  EDD/40.3  AN/14.2  RDX/5.2  Al 

EARL- 2 

7 

551 

36.2  EDD/36.2  AN/12.8  RDX/14.8  Al 

EDD 

6 

439 

athylanadiamina  dinitrata 

EDNA 

6 

314 

athylanadinitramina 

EDNP 

5 

139 

ethyl-4, 4-dinltropentanoata  w/IX  Cab-O-Si 1  gelling  agent 

EOD 

3 

456 

ethylene  glycol  dinitrata 

EODN 

3 

438 

ethylene  glycol  dinitrate 

EON 

2 

659 

ethylene  glycol  dinitrata 

EIE 

4 

159 

axchar.gad-ion  axploaiva  (10  NO/90  atoichiometr Ic 
ammonium  chloride-potaaaium  nitrate  mixture) 

Emu 1  it* 

8 

1071 

AN/FO/watar  with  gaa-fillad  microaphares 

EN 

3 

813 

ethyl  nitrate 

Ectano 

4 

5 

trademark  for  polyaatar-urathana  of  adipic  acid 

1 ,4-butanadiol ,  diphanylmathana  diiaocyanata 

ET 

3 

744 

homogeneoua  mixture  of  ethyl dacaborana  in 
tetrani tromathana 

EtDP 

4 

5 

ethyl  4,4-dinitropantanoata 

FDA 

6 

467 

bi8(2-f luoro-2,2-dinitroathyl )  acetal 

FDE 

6 

467 

1 ,1 ,4-trif luoro-1 ,4,4-trinitro-3-oxobutane 

FDEE 

6 

467 

1 , 5, -dif luoro-1 ,1 ,5,5-tetranitro-3-oxopentane 
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FDEK 

7 

ao4 

2.55  AN/0.3  ADNT/1  EDD/0.36  potassium  nitrat* 

(Notal  Thasa  numbers  are  voI%) 

F,0NE-A 

6 

467 

1 ,9-dif luoro-1 ,1 ,5,6,9,9“haxanltro-3,7-dioxononana 

FDNE-N 

6 

467 

2-f luoro‘-2.2.-dinitroethyl  nitrate 

FDNE-S 

6 

467 

bistE-f luoro-2.2-dinitroathyl ) sulfate 

FDNEP 

6 

467 

2-f Iuoro-2,2-dinitroathyl  perchlorate 

FEFO 

6 

467 

bis( 2‘f 1 uoro'E . 2-d ini troethy 1 ) formal 

FNR 

4 

5 

tetraf luoroethylene-trif luoro-nitrosQ  methane  copolymer 

FO 

6 

546 

86  fuel  oil 

FTE 

6 

467 

1,1,1 ,4-tetraf luoro-4,4-dinitro'3-oxobutane 

GBFO 

6 

467 

1 ,1 2-d if luoro-1 ,1 ,12,12-tetranitro- 
3 , 5 , 8 , 1 0-tetraoxododecane 

GMB 

a 

993 

glass  microballoons 

Our  It 

a 

1071 

Na/EGDN/Si02 

H-6 

5 

255 

45  RDX/30  TNT/20  A 1/5  wax 

HAV-10 

5 

139 

74.7  HMX/10.6  Al/14.7  Viton 

HAV-EO 

5 

139 

65.7  HMX/16.9  Al/15.4  Viton 

HBX 

5 

73 

75  Composition  B/25  Al 

HBX 

2 

737 

45  RDX/30  TNT/25  Al 

HBX-1 

5 

524 

40  RDX/38.1  TNT/17.1  Al/4.8  Wax 

HCX 

a 

1011 

heterogeneous  composite  explosive 

HDBA 

a 

365 

4-hydroxy-N-N-dimethylbutyramide 

HEP 

a 

633 

high-energy  propellant 

Htxatol  60/40 

6 

546 

59  RDX/40  TNT/1  wax 

HexAtonal  IS 

6 

546 

42.1  RDX/42.1  TNT/0.6  wax/15  Al 

Haxogan 

4 

159 

RDX 

Haxotol  60/40 

6 

511 

60  RDX/40  TNT 

HaxotQlif  15 

6 

511 

42.5  RDX/42.5  TNT/15  LiF 

Hexotonal  15 

6 

511 

42.5  RDX/42.5  TNT/15  Al 

HMTA 

4 

134 

hexamethylenetetramine 

HMX 

6 

712 

eye lotetramethy lane  tatranitramine 

HN 

1 

27 

hydrazine  mononitrate 

HNAB 

7 

416 

hexanitroazobenzene 

HNB 

7 

647 

hexanitrobenzene 

HNS 

5 

222 

hexanitrosti Ibene 

HTPB 

a 

1036 

hydroxyl -terminated  polybutadiene 

HV4 

5 

260 

65  HMX/15  Viton 

HW4 

5 

280 

95  HMX/5  wax 

IBA 

5 

237 

1 , 2-bis(d if luorami no) -2-methyl  propane 
(isobutylene  adduct) 

ICCP 

6 

455 

isothiocyanatopentaammine  cobalt (I II)  perchlorate 

IPDI 

a 

1036 

isophorone  di isocyanate 

KP 

5 

139 

potassium  perchlorate 

LP 

5 

139 

lithium  perchlorate 

LS 

a 

711 

lead  styphnate,  Pb(Ce09N3H3) 

LX-04-1 

4 

489 

65  NMX/15  Viton,  "1"  denotes  f ine-particle-sized  HMX 
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LX-07 

S 

65 

90  HMX/10  VI  ton 

LX-07-0 

4 

5 

90  HMX/10  Vi  ton 

LX-09 

5 

65 

93.3  HMX/4.2  DNPA/2.5  PEFO 

LX-10 

6 

65 

95  HMX/5  Vi ton 

LX-11 

5 

139 

80  HHX/20  Vi  ton 

LX-13 

8 

1091 

BO  PETN/20  Sylgard  (■••  XTX-8003) 

LX-14 

e 

614 

95.5  HMX/4.5  Eatan*  5702-F1 

LX-15 

8 

1106 

95  HNS/5  K«l-F  BOO 

LX- 17 

7 

488 

92.5  TATB/7.5  Kal-F  (formarly  RX-03-BB) 

M-FEFO 

6 

467 

1 ,7-dlf  luoro-4-(1-os:omathyI  )-1 ,1 ,7,7-tatranitro- 
3,5-dioxohaptana 

MA 

6 

467 

1 ,1 ,7-tpif luoro-4-mathyI-l  ,7,7-trinltro-3,5-dioxoheptana 

MAN 

6 

439 

mathylammonium  nitrata 

MEDINA 

3 

674 

CH4N4O4.  mathylana  dinitramina 

MF 

6 

467 

1 ,1 ,7-trif luoro-1 ,7,7-trlnitro-3,5-dioxohaptana 

MF 

8 

711 

marcury  fulminata,  Hg(ONC)2 

MFDNB 

6 

467 

mathyl-4-f luoro-4,4-dinitrobutyrate 

MFF 

6 

467 

1 ,4,4,7,7-pantaf luoro-1  ,1 ,7-trlnltro-3,B-dioxohaptana 

Minol  2 

A 

463 

aluminizad  ammonium  nltrata/TNT 

MMAN 

7 

374 

monomat hy lamina  nitrata 

MN 

S 

267 

mathyinitrata 

1-MNT 

6 

232 

1-mathyl-5-nitrotatrazola 

2-MNT 

6 

232 

2-mathyl-5-nitrotatrazola 

NB-AO 

6 

771 

60  pyroxylina/40  nitroglycarlna 

NC 

A 

5 

nitrocal luloaa 

2-NE 

7 

762 

2-nitroathanol 

NO 

3 

66 

nitroglycarin 

NOl 

7 

43 

nitroglycol 

Nigu 

8 

577 

nitroguanidina 

Nitromixtur« 

2 

648 

83X  nitromethana/17  2-nitrcpropane 

NM 

A 

126 

nitromathana 

NONA 

5 

222 

nonan i trotarphany I 

NQ 

7 

566 

nitroguanidina 

Octol 

6 

647 

77  HMX/23  TNT 

Octol 

A 

5 

78  HMX/22  TNT 

Octol -A 

5 

280 

80  HMX/20  TNT/1  Wax 

Octol-B 

5 

280 

70  HMX/30  TNT/1  Wax 

OTTO 

6 

467 

1.1.1 .7,7,13,13,13-octafluoro-4,4,10,10-tetranitro- 
2,6,8,12-tatraoxotridacana 

P2100  B 

8 

626 

88  HMX/12  HTPB 

PA 

3 

700 

picric  acid 

PB 

5 

139 

hydroxytarminatad  polybutadiena 

PB 

8 

1132 

polybutadiana 

PBX  9205 

5 

599 

92  RDX/6  poIy8tyrana/2  dioctyl  phthalate 

PBX  940A 

5 

60 

94  HMX/3  nitrocal lulo8a/3  tr ia-p-chloroethyl  phosphate 

PBX  9A07 

7 

928 

94  RDX/6  EXON  461 
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PBX-9010 

A 

5 

90  RDX/ 10  Kal-F 

PBX-901 1 

A 

B 

90  HMX/10  Eatana 

PBX-940A-03 

A 

8 

9A  HMX/3  NC/3  CEP 

PBX-9501 

6 

6A7 

95  HMX/2.5  Eatana/1.25  BDNPA/1.25  BDNPF 

PBX-9502 

7 

52 

95  TATB/5  Kal-F  800  (formarly  X-0290) 

PBX-9503 

8 

1106 

80  TATB/15  HMX/5  Kal-F  800 

PBXN-5 

7 

928 

95  HMX/5  VI ton  A 

PBXW 

8 

883 

RDX/lnart  bindar 

Pc 

3 

323 

Primaeord 

PE 

6 

SA3 

86  PETN/ 1 A  wax 

PE  6 

5 

139 

6-polyathyIena 

PEA 

8 

265 

88  RDX/12  plaaticizar 

Pcntanex 

6 

6A6 

A5  PETN/37  AN/2  glycol /15. 5  watar/0.5  guar 

Panto! lt« 

1 

1A 

50  PETN/50  TNT 

PETN 

3 

12 

pantaarythrltol  tatranitrata 

Polyatyr 

A 

5 

polyatyrana 

PIPE 

6 

626 

polytatraf 1 uoroathy lana 

PVA 

2 

712 

polyvinyl  alcohol 

PYX 

8 

1106 

2,6-bia(plcrylamino)-3.6-dinitropyridina 

QMAN 

6 

A39 

tetramathyl ammonium  nitrata 

RDX 

7 

928 

1 ,3,5-trinitro  1 ,3,5-tetrazacyclohaxana 

RDX 

S 

222 

cyclotrimathylanatrinitramina 

REX-20 

6 

A67 

2,2,2-trif luoroathyl-A-f luoro-A,A-dinitPobutyrata 

ROPA 

8 

265 

70  RDX/19  plaaticizar/6.5  polyurathana/5.5  ? 

RX-03-BB 

7 

A88 

92.5  TATB/7.5  Kal-F  (naw  nama  ia  LX-17) 

RX-OA-AT 

A 

5 

88  HMX/12  carborana-f luorocarbon  copolymar 

RX-OA-AU 

6 

139 

92  HMX/8  Vi ton 

RX-OA-AV 

A 

5 

92  HMX/8  PE 

RX-0A-6M 

5 

139 

81 .6  HMX/A  A1/1A.A  Viton 

RX-OA-BN 

5 

139 

79  HMX/6.6  A1/1A.3  Viton 

RX-OA-BO 

5 

139 

72.7  HMX/13.3  Al/IA.O  Viton 

RX-OA-BT 

5 

139 

76  HNX/IO  LiF/IA  Viton 

RX-OA-BY 

A 

5 

86  HMX/1A  FNR 

RX-OA-DS 

5 

139 

81  HNX/9.9  Al/9.1  Viton 

RX-0A-P1 

A 

5 

80  HMX/20  Viton 

RX-05-AA 

A 

5 

80  RDX/8  polyatyrana/2  DOP 

RX-09-AA 

A 

5 

93.7  HHX/5.7  DNPA/0.6  EtDP 

RX-11-AF 

5 

139 

52  HMX/A3  KP/5  PE 

RX-11-A1 

5 

139 

52  HMX/A3  KP/5  PE 

RX-11-AJ 

5 

139 

52  KMX/A3  KP/5  PE 

RX-1 1 -AW 

5 

139 

51  HMX/35  KP/1A  PB 

RX-11-AX 

5 

139 

51  HMX/35  KP/1A  PB 

RX-1 1 -AY 

5 

139 

33. A  HMX/53.A  KP/13.2  PB 

RX-11-A2 

5 

139 

33. A  HMX/53.A  KP/13.2  PB 

RX-1 1 -BA 

5 

139 

51  HMX/39  AP/10  Viton 

RX-18-AB 

5 

139 

51  HMX/20  AP/29  EDNP 
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RX-18-AE 

5 

139 

51  HMX/20  AP/29  EDNP 

RX-1 e-AO 

B 

139 

51  HMX/20  AP/29  EDNP 

RX-1 8-AH 

B 

139 

71  HMX/29  EDNP 

RX-1 8-AJ 

B 

139 

52.6  HHX/3A.7  XP/12.7  PB 

RX-18-BA 

B 

139 

31  HMX/A5  KP/2A  EDNP 

RX-22-Aa 

B 

139 

73.6  HMX/26.A  LP 

RX-23-AA 

6 

712 

79  hydracin*  nitrAt«/21  hydrazina 

RX-23-AB 

6 

712 

70  hydrazina  nltrata/B.9  hydrazina/2A.1  watar 

RX-23-AC 

6 

712 

30  hydrazina  nitrata/70  hydrazina 

RX-2B-AA 

5 

139 

22  HMX/56  AP/10  Al/10  Vi ton 

RX-26-AF 

7 

B9 

A9.3  HHX/A6.6  TATB/A.1  Eatana 

RX-30  AD 

6 

731 

A7.1  KP/B1 .3  NM/guar  1 .6 

RX-30-AA 

6 

731 

60.8  AP/38  NM/1 .2  guar 

RX-30-AB 

6 

731 

61 .1  AP/37.9  NM/1  guar 

RX-30-AC 

6 

731 

A7.6  KP/50.8  NM/1. 6  guar 

RX-30-AE 

6 

731 

57.9  AN/AO. 8  NM/1 .3  gUar 

RX-30-AF 

6 

731 

57.9  AN/AO. 8  NM/1 .3  guar 

RX-31 -AA 

6 

731 

28.8  AN/A7  NM/22.8  Al/I.A  guar 

RX-31 -AB 

6 

731 

A3. 2  AN/A7  NM/8.3  Al/1.5  guar 

RX-36-AA 

8 

1020 

1  HMX/1  TATB/1  BTF.  nota  mola  ratios 

RX-36-AB 

8 

1020 

1  TATB/1  BTF,  nota  mola  ratioi 

RX-36-AC 

8 

1020 

A  HMX/1  TATB/1  BTF,  nota  mola  ratios 

RX-38-AD 

8 

1020 

1  HMX/3  TATB/1  BTF,  nota  mola  ratios 

RX-36-AE 

8 

1020 

1  HMX/1  BTF,  nota  mola  ratios 

RX-36-AF 

8 

1020 

1  HMX/1  TATB.  nota  mola  ratios 

RX-36-A0 

8 

1020 

1  HMX/1  TATB/3  BTF.  nota  mola  ratios 

RXAC 

8 

802 

70  hydrazlno/30  hydrazina  nitrata 

•-TCB 

7 

A2S 

symmatrical  1 ,3,5-trichlorobanzana  (pracursor  to  TATB) 

SPIS-4A 

7 

620 

20  HHX/A9  AP/21  Al/10  bindar 

SRI-1 

6 

A67 

1 ,1 ,1-trlf luoro-A,A,A-trinitro-2-oxobutana 

SRI-2 

6 

A67 

1 ,1 ,1  ,A-tatrsf luoro-A,A-dlnltro-2-oxobutana 

SRI-3 

6 

A68 

1 ,1 ,1-trlf luoro-A,A-dinltro-2-oxopantsna 

SRI-A 

6 

A68 

1 ,1 ,1 ,7,7,7-haxaf luoro-A,A-dlnltro-2,6-dloxohaptana 

SRI-5 

6 

A68 

1-f luoro-1 ,1 ,3,3-tatranitro-B-oxohoxana 

SX-2 

6 

A93 

RDX/fillar,  shaat  axploaiva 

SYEP 

6 

A68 

4,A-bis(dif luoramino)-1 ,7-dlf luoro-1 ,1 ,7,7-tatrsnltro- 
3,5-dioxohaptana 

T 

7 

697 

95,5  TATB/A.5  Vi  ton 

T1 

8 

151 

95.5  TATB/? 

T2 

8 

151 

97  TATB/? 

TA 

2 

659 

triacetin 

TATB 

6 

659 

1 ,3,S-triamino-2,A,6-trinitrobanzana 

TCE 

7 

37A 

triehloroathylane 

TCTNB 

7 

A25 

1 ,3,5-trichloro-2,A,6-trinltrobanzana 
(pracursor  for  TATB) 

TDI 

8 

363 

toluanadi isocyanata 
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NAHE 

SYN 

PAGE 

MAKEUP 

TDPF 

6 

468 

1 ,1 ,1  ilS.IS.IS-haxafluoro-A.AJO.IO-tatranitro- 
2 , 6 , 6 . 1 2- tatraoxotr idacano 

T«tryl 

6 

427 

N-tnathyl-N-*nitro-2,4,6-‘trlnitroanll  ina 

TFA 

6 

468 

1 ,7,dlf Iuoro-1 ,1 ,7,7-tatPanitro-4-trif luopomathyl- 
3.5-dioxohaptana 

TFMA 

6 

468 

1-f luopo-1 ,1-dlnltPo-4-tPif luoPomathyl-3,5-dioxohaxana 

TFMDA 

6 

468 

1-f luopo-4-dif luoponitPomathyl-1 ,1-dinitPO- 
4-tplf luopomathyl-S.S-dioxohaptana 

TFMFF 

6 

468 

1  il  il  .A,4,7-haxaf  luopo~7.7>‘dinitPO‘‘3,5-dioxohaptana 

TFNA 

8 

802 

1 ,1 ,1-tPif luopo-3.5,5-tpinitPo-3-azahaxana 

TMETN 

3 

813 

tplmathylolathana  tpinitpata 

TNA 

8 

746 

tpinitpoanillna,  picpamida 

TNB 

3 

66 

1,3,5  trinitpobansana 

TNETB 

3 

70 

2,2,2-'tPinitPoathyl-4,4,4-tpinitPobutypata 

TNM 

4 

126 

tatpanitpomathana 

TNT 

3 

66 

2,4.6-tPinitrotoluana 

TNTAB 

8 

802 

1,3, 6-tp iazido-S , 4 , 6-tp in  1 tpobanzana 

Torpcx 

4 

463 

alumlnizad  RDX/TNT 

Torpax  SB 

8 

268 

42  RDX/40  TNT/18  Al/6  daaanaltizap 

Tritonal 

2 

738 

80  TNT/20  A1 

TTF 

6 

468 

1 ,1 ,1-tPif luopo-7,7,7-tpinitPo-3,8-dioxohaptane 

UP 

6 

480 

uraatnonoparch  1  opata 

UPS 

6 

460 

90  wt%  aquaous  solution  of  UP 

Vlton 

5 

139 

vinylidina  f luopida-haxaf luopoppopylana  eopolymar 

HC  231 

8 

883 

75  NC/25  NO  "commapcial  paloading  powdap" 

WO-2 

6 

546 

KMAN-aanaitizad  watapgal  axploaiva  7X  Al 

WO-A 

6 

546 

MMAN-aansitizad  watargal  axploaiva  13%  Al 

X-0S04 

4 

8 

83  HMX/17  Taflon 

X-021 9 

6 

647 

90  TATB/10  Kal-F  800 

x-osaa 

8 

979 

86.48  tungatan/1 3.22  HMX/0.8  polyatyrana/O.O  DOP 

X-0290 

6 

637 

95  TATB/5  Kal-F  800  (changad  to  PBX  9502) 

X-0319 

7 

867 

60  TATB/48  HMX/5  Kal-F  800 

X-0320 

7 

567 

60  TATB/35  HMX/5  Kal-F  800 

X-0321 

7 

567 

75  TATB/20  HMX/5  Kal-F  800 

X-0341 

7 

567 

90.25  TATB/4.75  HMX/5  Kal-F  800 

X-0342 

7 

567 

85.5  TATB/9.5  KMX/5  Kal-F  800 

X-0343 

7 

567 

80.75  TATB/14.25  HMX/5  Kal-F  800 

X>0344 

7 

567 

71 .25  TATB/23.75  HMX/5  Kal-F  800 

X-0407 

8 

123 

70  TATB/25  PETN/5  Kal-F 

XI 

8 

151 

96  HMX/? 

XTX~8003 

6 

647 

80  PETN/20  ailicona  pubbar 

Z  TACOT 

8 

528 

C'|2H4NgOg 
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9TH  DETONATION  SYMPOSIUM  REGISTRANTS 


Stqihm  P.  Agiww 
Loi  AltiiiQ*  National  Laboratory 
P.O.  Box  1«63,  MS  C346 
Lot  Alamoa,  MM  87543 

M.  Ahadd 

AL  QAQAA  Suta  Batabliihment 
P.O.  Box  5134 
Baghdad,  Iraq 

Irving  Akat 

Loa  Alamoa  National  Laboratory 
P.O.  Box  1663,  M-8,  MS  J960 
Loi  Alamoa,  NM  87345 

Pamando  Alcalda 
Union  Bipanola  Do  Bxploilvoi 
Claudio  Coallo,  124 
Madrid,  28006  Bipana 

David  P.  Aldti 

Lawranct  Llvarmora  National 
Laboratory 
P.O.  Box  808,  L-364 
Livannora,  CA  94550 

Richard  M.  Allra 

Lawranoa  Llvaimora  National 

Laboratory 

P,0.  Box  808,  L-282 

Llvarmora,  CA  94530 

Allan  B.  Andanon 
Lot  Alamoa  National  Laboratory 
P.O.  Box  1663,  P952 
Loa  Alamos,  NM  87543 

C.  J.  Andaraon 

Mining  Raiourca  Bnglnaarlng  Ltd 
1555  Sydanham  Rd.,  RR  8 
Kingston,  Ontario  Canada  K7L  4V4 

James  Aplin 

USAF  Amamant  Laboratory 
APATIVMNB 

Bglln  APB,  PL  32542-6009 
Mary  E.Aroa 

U.S.  Air  Poroa  Aatronautloa  Lab 

AMAPSQRKPL 

Bdwaidi  APB,  CA  93323-5000 

Wamar  A.  Arnold 
MBB  Sohrobanhauaan 
Hagenauer  Pont 

Sohrabanhauaan,  D-8898  FRO 
Blaine  W.  Aiay 

Los  Alamos  National  Laboratory 
P.O.  Box  1663,  M-8,  MS  1960 
Loi  Alamos,  NM  87545 

Alloa  I.  Atwood 
Naval  Weapotu  Center 
Coda  3891 

China  Lake,  CA  94535-6001 


Jean  Avalllo 

Commissariat  a  I'Bnargie  Alomique 
CBVMBPNo.7 

Courtry,  77181  Prance 

Anthony  J.  Badferd 

Embassy  of  Australia 

1601  Masaaohuaatts  Avenue  N.W. 
Wuhlngton,  I)C  20^6 

Joseph  E.  Baekofen 

Brigs  Co, 

2668  Patenborough  St. 

Herndon,  VA  22071 

Clifford  D.  Bedford 

Naval  Surfaea  Warfare  Center 

10901  New  Hampshire  Ave. 

Silver  Spring,  MD  20903-3000 

Mai  R.  Baar 

Sandla  National  Laboratories 

P.O.  Box  5800,  Div.  1512 

Albuqtiarqua,  NM  87183 

Donald  A.  Bodnar 

U.S.  Air  Poroa  Armament  Laboratory, 
AFATIVMNW 

Bglln  APB,  PL  32542-5434 

Kerry  LBahl 

Lawranoa  Livermore  National 

Laboratory 

P.O,  Box  808,  L-2S1 

Llvarmora,  CA  94550 

Richard  Bardo 

Naval  Surface  Wvfara  Center 

10901  New  Hampshire  Ava, 

Silver  Spring,  MD  20903-5000 

Lawrence  Bahrmaim 

Schlumberger  Well  Services 

P.O.  Box  1590 

Rosharon,  TX  77459 

Conrad  Bslangor 

Defence  Rasaareh  Bstabllshmnat 
Valcertler  P.O.  Box  8800 

2439  pla  XI  Blvd  North, 

Courgette,  Quebec,  Canada 

Patar  Barnet 

Ministry  of  Defence  •  Navy 

CINO  64B  Bnalelgh 

Bath,  Avon  UK 

Robert  Bolmu 

Commissariat  a  I'Energle  Atomique 
CBVMBPNo.7 

Courtry,  77181  Prit;oe 

Edward  J,  Barr 

Vanderbilt  University 

Box  6019,  Station  B 

NaihviUa,TN  37235 

David  V.  Bent 

RARDB 

Port  Halstaad,  Bldg.  X3 

Sevenoaka,  Kent  UK  TN  167  BP 

Jude  Barry 

Aerojet  Solid  Propulsion 

P.O.  Box  13699C 

Saorimento,  CA  95608 

Dldiar  Bergues 

Commissariat  a  I'Energle  Atomique 
Center  de'Etudes  da  Oramat 
ORAMAT,  46500  Prance 

Pascal  A,  Bauer 

BNSMALabDetonlque 

Rue  Guillaume  Vn 

Poitiers,  86036  Prance 

Nlohulu  Barkholu 

Honeywell  Proving  Ground 

23100  Sugar  Buah  Road  NW 

Elk  River,  MN  55330 

John  B.  Bdzil 

Los  Alamos  National  Laboratory 

P.O.  Box  1663,  M-9.  P932 

Los  Alamos,  NM  87345 

Richard  R.  Bemeckar 

Naval  Surface  Werfare  Canter 

10901  New  Hampshire  Ava. 

Silver  Spring,  MD  20903-5000 

Bruce  Beard 

Naval  Surface  Warfare  Center 

10901  New  Hampshire  Ave. 

Silver  Spring,  MD  20903-5000 

James  P.  Billingsley 

U.S.  Army  Mlsiile  Command 
DRSMI-RHC 

Redstone  Arsenal,  AL  35898 

Raymond  L.  Besur^aid 

Applied  Ordnance  Tech,  Ino. 

2001  Jefferson  Davis  Hwy 

Arlington,  VA  22202 

A.  Blmbolm 

Rafael  Ballistic  Center 

P.O.  Box  2230  (24) 

Haifa,  Israel 

Alain  Becuwe 

Soclete  Nalionsle  dei  Poudres  et 
Explos-'i  BP  No.  2 

Vert-le-Petlt,  91710  France 

Oert  0.  Bjamholt 

Swedish  Defense  Research 
Establishment 

Dept  of  Weapons  Tech.  SveDePo 
Stockholm,  10254  Sweden 
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Qaorgc  Bloom 

Lawrence  Livermore  National 

Laboratory 

P.O.  Box  808,  L-281 

Livermore,  CA  94SS0 

Thomu  L,  Boggi 
Naval  Weaponi  Center 
Code  3891 

China  Lake,  CA  94SSS-6001 
Jioquet  Boileau 

Societe  Nationale  dei  Poudrei  et 
Exploiifi  (SNPE) 

12QuaiHenriIV 
75004  Parii,  France 

Paul  R,  Bolduc 

U.S.  Air  Force  Armament  Laboratory 
AFATIVMNE 

EglInAPB,  PL  32542-5434 

Lloyd  L.  Bonzon 
Sindia  National  Laboratorlei 
P.O.  Box  5800,  Div,  2514 
Albuquerque,  NM  87185 

Mark  B,  Boilough 
Sandia  National  Laboratorlei 
P.O,  Box  5800,  Div.  1153 
Albuquerque,  PM  87185 

Michel  Boiie-Platlere 
Sohlumberger 
26  Rue  de  la  Cavee 
Clamart,  92140  France 

Ronald  B,  Boulet 

U.S.  Air  Force  Armament  Laboratory 
AFATL/MNF 

EgllnAFB.  FL  32542-5434 

Neil  K.  Bourne 
Univeriity  of  Cambridge 
Madlngley  Road,  0787 
Cambridge,  CB30HE  UK 

Allen  L.  Bowman 

Lof  Alamoi  National  Laboratory 

P.O.  Box  1663 

Loi  Alamoi,  NM  87545 

Philippe  0.  Boyce 
DCAN-SDE&OERBY 
BP  77 

Toulon  Naval,  83800  Prance 

Larry  R.  Boyer 
Naval  Weapon!  Centor 
Code  3891 

China  Lake,  CA  93555 

Vincent  M.  Boyle 
U.S.  Army  Balliitio  Research 
Laboratory,  SLCBR-TB-E 
3419  Walnut  Rd 
Aberdeen,  MD  21001 


Martin  Bralthwaite 
ICI  Bxploiivei 
Nobel  Home  Steveniton 
Aynhiie  ICA203LN  UK 

R.  Don  Breithaupt 
Lawrence  Livermore  National 
Laboratory 
P.O.  Box  808,  L-282 
Livennore,  Ca  94550 

Thomai  B.  Brill 
Univeriity  of  Delaware 
Dept,  of  Chemlitiy 
Newark,  NJ  19716 

John  R.  Brinkman 

EO&O  Mound  Applied  Technology 

P.O.  Box  3000 

Mlamiaburg,  OH  45343-3000 
Louii  Brun 

Commlsiariat  a  I'Energie  Atomique 
CEVMB  No.  7 
Courtry,  77181  France 

Jacquei  Brunet 

Societe  Nationale  dea  Poudrea  et 
Bxploilfi  CRB  BP  2 
Vert-le-Petit,  France 

Michael  A,  Bucher 
Naval  Weapona  Station 
Coda  321 

Concord,  CA  94520 

Princoii  I,  Bugaut 

Commiiiariat  a  I'Energie  Atomique 

CEV-MB7 

77181  Courtry,  Prince 

Bruce  O.  Bukiet 
Department  of  Mathematica 
New  Jeney  Inatitute  of  Technology 
Newark,  NJ  07102 

Gregory  A.  Buntain 
Loi  Alamoi  National  Laboratory 
P.O.  Box  1663,  C920 
Loi  Alamoi,  NM  87545 

Keith  D.  Butrowi 
Miniitry  of  Defence 
AWE  Foulneu,  Southend  on  Sea, 
Baiex  SS39XBUK 

A.  0am  Butcher 
Herculea  Inc. 

P.O.  Box  98 
Magna,  UT  84037 

W,  Byera  Brown 
Univeriity  of  Mancheiter 
Department  of  Chemiiiry 
Mancheiter,  M13  9PL  UK 


Daniel  Calef 

Lawrence  Livermore  National 
Laboratory 
P.O.  Box  808,  L-282 
Livennore,  CA  94550 

Dalton  E.  Canty 
Lockheed,  Org.  54-60 
nil  Lockheed  Way 
Sunnyvale,  CA  94088-3504 

Dom  W.  Carlion 
Naval  Surface  Warfare  Center 
10901  New  Hampihlre  Avenue 
Silver  Spring,  MD  20903-5000 

Kim  B.  Carlion 

Naval  Surface  Warfare  Center 

10901  New  Hampihire  Ave. 

Silver  Spring,  MD  20903-5000 

Stacey  Cariwell 

U.S.  Air  Force  Armament  Laboratory 

AFATL/MNE 

EglinAFB,  PL  32542 

Rendell  L.  Carver 

Loa  Alamoi  National  Laboratory 

P.O.  Box  1663,  B29S 

Loa  Alamoi,  NM  87545 

Francii  Chaiiie 

Commiiiariat  a  I'Energie  Atomique 
CEV-MB  7 

Courtry,  77181  France 

May  L.  Chan 
Naval  Weaponi  Center 
Code  3891 

China  Lake,  CA  935SS 

Lonnie  B.  Chapman 
Loa  Alamoi  National  Laboratory 
P.O.  Box  1663,  MS  C920 
Loa  Alamoi,  NM  87545 

Mohammad  M.  Chaudhri 
Univeriity  of  Cambridge 
Madlngley  Road 

Cambridge,  Cambridgaihire  UK 
Roger  Cheret 

Commiiiariat  a  I'Energie  Atomique  33 
Rue  de  la  Federation 
Parii,  75015  Pranoe 

Chriatopher  Cherry 
Naval  EOD  Tech.  Center 
Indian  Head,  MD  20640 

Pei  Chi  Chou 
Dyne  But  Corporation 
3201  Arch  Street 
Philadelphia,  PA  19014 
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Dtvid  A.  Citfunluro 
Naval  Waaponi  Cantar 
Code  3891 

China  Lake.  CA  935SS 

Dorothy  A.  Cichra 
Naval  Surface  Warfare  Center 
10901  New  Hampihire  Ave. 

Silver  Spring,  MD  20903-SOOO 

Rochelle  E.  Clemenu 
Lawrence  Livermore  National 
Laboratory 
P.O.  Box  808,  L-283 
Llveimote,  CA  94SS0 

Steve  C.  Coffey 

Naval  Surface  Warfare  Center 

10901  New  Hampihire  Ave. 

Silver  Spring,  MD  20903-5000 

C,  P.  Conitantinou 
Univeriity  of  Cambridge 
Cavendiih  Lab,,  Madingley  Rd 
Cambridge,  CB30HE  UK 

Malcolm  D.  Cook 
RARDB,  NPI  Diviiion 
Fort  Halitaad 

Savenoaki,  KentTN16YBP  UK 

John  Cooper 

ICI  Exploiivai,  FOTC 

Stavatuon,  Ayrihire,  Scotland,  UK 

Paul  W.  Cooper 
Sandia  National  Laboratoriei 
P.O.  Box  5800,  Dlv.  7133 
Albuquerque,  NM  87185 

Marc  S.  Coitantino 
Lawrence  Livermore  National 
Laboratoiy 
P.O.  Box  808,  L-369 
Livermore,  Ca  94550 

Jamei  D.  Coitello 

U.S.  Air  Force  Armament  Laboratory  ' 
BgllnAFB,  PL  32542 

Albert  L.  Course 
Naval  Weapons  Station 
Code  321 

Concord,  CA  94520 

Michael  Cowperthwaite 
SRI  International 
333  Ravenswood 
Menlo  Park,  CA  94025 


Sharon  L.  Crane 

Loi  Alamos  Nadonal  Laboratory 
P.O.  Box  1663,  J960 
Los  Alamos,  NM  87545 

Patricia  C.  Crawford 
Lawrence  Livermore  National 
Laboratory 
P.O.  Box  808,  L-353 
Livermore,  CA  94550 

James  Culver 

Strategic  Systems  Programs 

U.S.Navy7SP-2731 

1931  Jefferson  Davis  Highway 

Wuhington,  DC  20376-5002 

John  C.  Cummings 
Sandia  National  Laboratories 
P.O.  Box  5800,  Div.  1512 
Albuquerque,  NM  87185 

Ian  Dagley 

Naval  Surface  Warfare  Center 
10901  New  Hampshire  Avenue 
Silver  Spring,  MD  20903-5000 

C.  James  Dahn  ' 

Safety  Consulting  Engineers,  Inc. 
5240  Pearl  St. 

Roiemont,  IL  60018 

John  C.  Dallman 
Los  Alamos  National  Laboratory 
P.O.  Box  1663,  MS  P932 
Los  Alamos,  NM  87545 

Prank  W.  Davies 
Oeneral  Research  Corporation 
5383  Hollister  Avenue 
Santa  Barbara,  CA  93160-6770 

William  C.  Davis 

Los  Alamos  National  Laboratory 

P.O.  Box  1663,  P952 

Los  Alamos,  NM  87345 

WilUam  E.  Deal 

Los  Alamos  National  Laboratory 
P.O.  Box  1663,  P913 
Los  Alamos,  NM  87543 

Scott  Delter 

Naval  Surface  Warfare  Center 
10901  New  Hampshire  Ave, 
Silver  Spring,  MD  20903-5000 


David  Demske 

Naval  Surface  Warfare  Center 

10901  New  Hampehira  Ave. 

Silver  Spring,  MD  20903-5000 

Pierre  Deneuville 
Societe  Nationale  dee  Poudrei  et 
Exploiifs  BP  No.  2 
Vert-le-Petlt,  91710  France 

Dldier  Devynck 
Applied  Concepts  Coip. 

P.O.  Box  1096 
Aberdeen,  MD  21001 

Charles  Dickinson 
Naval  Surface  Warfare  Center 
10901  New  Hampshire 
Silver  Spring,  MD  20903-5000 

Peter  M.  Dickson 
University  of  Cambridge 
Madingley  Road 
Cambridge,  CB30HE  UK 

Ding  ling 
CETR 

New  Mexico  Tech. 

Socorro,  NM  87801 

Brigitu  Dobratz 

Los  Alamos  National  Laboratory 

P. O.  Box  1663,  C920 
Us  Alamos,  NM  87545 

Ruth  M.  Doherty 
Naval  Surface  Warfare  Center 
Bldg  30  Room  110 
Silver  Spring,  MD  20904 

Q.  Dong 

Southwest  Institute  of  Fluid  Physics 
P.O.  Box  5231 
Chengdu.  China 

Paul  J.  Dotson 

Los  Alamos  National  Laboratory 
P.O.  Box  1663,  MS  B214 
Los  Alamos,  NM  87545 

Steve  Downey 

Northwest  Technical  Industries 
547  Diamond  Point  Rd. 
SequlnvWA  98382 

David  R.  Dreltzler 

U.S.  Army  Redstone  Arsenal, 


Alain  Delcloi 

Societe  Nationale  des  Poudres  et 
Exploiifs  RPNo.2 
Vert-le-Petit,  91710  Prance 


Susan  C.  DeMay 
Naval  Weapons  Center 
Code  3205 

China  Lake,  CA  93555 


AMSMI-RD-PR-B 
HunUville,  AL  35898-5249 

A.  N.  Dremin 

Institute  of  Chemical  Physics 
USSR  Academy  of  Sciences 
Moscow  Region,  USSR 


Bobby  0.  Craig 
56  Hidden  Cove 
Valparaiso,  FL  32580 
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S«rg«  Dufort 

Commiiiiriit  a  I'Enargia  Atomique 
Boita  Poitale  No.  16 
Monttt  Prince 

Michael  Dufour 

Bitabliihmnet  Technique  de  Bourgei 
B7712-1801S  Bourgei  Cedex 
Bourgei,  18  Prance 

Maurice  B.  Dunand 
Laboratoire  d'Energetlque  ot  de 
Delonique  (ENSMA) 
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